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ABSTRACT
Parikh, Soham Dipakbhai, Ph.D., Biomedical Sciences Ph.D. Program, Wright
State University, 2021. Carbon Nanotube-Coated Scaffolds for Tissue
Engineering Applications

Carbon Nanotubes (CNTs) have beneficial properties for cell scaffolding,
which has translated into effective growth of bone, muscle, and cardiac cells.
However, loose carbon nanotubes can cause in vivo toxicity. To reduce this risk,
our team has developed biomimetic scaffolds with multiscale hierarchy where
carpet-like CNT arrays are covalently bonded to larger biocompatible substrates.
In this study, we have tested such scaffolds in two distinct types of biomedical
applications involving glioblastoma and keratinocyte cells.
The growth of glioblastoma (GBM) cells on our CNT-coated biomimetic
scaffolds was evaluated to check their suitability as a potential chemotherapyloaded implant for GBM patient treatment. We utilized CNT carpets on flat carbon
fiber cloths and porous carbon foams and identified differing effects on cell growth
by altering the surface features, such as hydrophilicity. Synthesized CNT-coating
is naturally superhydrophobic and prevents GBM cell growth initially, but over time
cell proliferation increases to normal levels. When the CNT surface was modified
to be hydrophilic, GBM cells followed a normal growth curve. These findings
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support the feasibility of developing a CNT-coated chemotherapy-loaded implant
for post-surgical resection in GBM patients.
Keratinocyte cell growth on CNT-coated carbon fiber cloth was investigated
to assess its compatibility as a skin graft material for wound healing applications.
Due to its covalently linked structure, biocompatibility, functionalizable topological
features, and extensive surface area, CNTs could provide a suitable surface for
skin cell proliferation. CNTs can also provide directionality, which can be important
for supporting scaffolds used in wound healing applications. This project aimed to
determine whether the use of CNTs attached to carbon scaffolds are capable of
sustaining keratinocyte growth for future development of novel skin graft
development. Studies demonstrated biocompatibility for keratinocyte growth as
shown by cell proliferation, cell migration, and cytotoxicity analysis. Moreover, the
CNT-coated scaffolds provided cytoprotection against environmental stressors
such as Ultraviolet-B rays. We also found that keratinocyte cell growth can be
tailored through the length of CNT coating and wettability control. These results
point to the benefits of designing CNT-coated scaffolds for strategic wound healing
applications. These results strongly support the future potential of these biomimetic scaffolds in tissue engineering.
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OVERVIEW
The objective of this study is to understand the potential of using biomimetic
carbon scaffolds with multiscale hierarchy for tissue engineering applications. More
specifically, we have tested such scaffolds in two distinct types of biomedical
applications involving glioblastoma and keratinocyte cells. This thesis is divided into
two sections:

Section-1 focuses on how the hierarchical CNT-coated scaffolds were
prepared, functionalized, and characterized. We prepared CNT-coated scaffolds using
two types of substrate materials: reticulated vitreous carbon (RVC) foams, which are
rigid porous solids with three-dimensionally connected struts, and carbon fiber fabric
(CFC) which is a flexible woven fiber cloth. These hierarchical materials were surface
functionalized to modify their water wettability and tested for two distinct types of
biomedical applications.

Section-2 focuses on assessing the effects of carbon nanotubes and their
surface functionalization on cell growth, cytotoxicity, and biocompatibility in order to
understand the surface features that can modulate cell growth for the two targeted
applications. In the first study, the hierarchical scaffolds were assessed for
glioblastoma interaction,
1

which can help us understand the disease pathophysiology and to prepare targeted
chemotherapy-containing scaffolds after tumor incision. In the second study, CNTcoated fiber cloths were investigated to understand their potential use in band-aid-like
wound healing applications.

2

Section 1: HIERARCHICAL NANO-STRUCTURED
CARBON SCAFFOLDS
1.1

Introduction and Background
Carbon Nanotubes
Carbon can react with oxygen, silicon, sulfur, and other metals at extremely

high temperatures, but it is essentially inert at room temperature. For example, Silicon
Carbide can be formed at temperatures above 1400°C. Because of its unique bonding
properties, carbon has many different forms including carbon nanostructures.
Orbital hybridization is the concept that explains the bonding of electrons in
molecules. The electronic configuration of carbon is 1s2 2s2 2p2 and it can acquire
either sp, sp2, or sp3 hybridization which essentially determines its molecular
geometry. When sp2 hybridized carbon atoms are arranged hexagonally, they make
tube-like graphene cylinders called nanotubes as shown in Figure 1. Single rolled-up
graphene sheets construct long, nanoscale cylinders with diameters of 0.4 nm (inner)
and 2 nm (outer) known as single-walled carbon nanotubes SWCNTs. Multiple coaxial
and concentric rolled-up graphene sheets make up the Multi-Walled Carbon Nanotube
(MWCNT) structures with 1-3 nm (inner) and 2-100 nm (outer) diameter (Figure 1)
[1,2].
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Carbon nanostructures, mainly CNTs are very commonly used as sensors,
electronics, energy storage, and drug delivery systems [3,4]. Due to their hollow
structure, CNTs can encapsulate the drugs and can be used for targeted drug delivery
[5]. Sidewalls and tips are also the surfaces where cargo can be attached to CNTs.
For example, CNTs have been used as a vaccine delivery system by linking peptides
on the sidewalls [6]. CNTs have also been used as a nanoinjector system to deliver
quantum dots into live cells by utilizing tips of carbon nanotubes without causing any
cell damage [7].

Figure 1 Structure of multi-walled carbon nanotubes

Properties and Applications of Carbon Nanotubes
1.1.2.1

Mechanical Properties

In addition to their flexible nature, carbon nanotubes provide approximately 100
times more tensile strength (200GPa) than steel of the same thickness [8]. Carbon
nanotubes are large structures and the atoms are interlinked through covalent
bonding, making them extremely strong in nature. CNTs are also extensively lighter
than steel and have roughly 1/6th density compared to steel. Young’s modulus of a
material is indicative of the stiffness of a material and CNTs have similar Young’s
modulus as diamond and have almost 500% higher Young’s modulus than steel [9,10].
4

CNTs are resistant to damage through physical stresses and are also resistant to
chemical stresses, making them mechanically robust and chemically inert material.
Such unique properties make CNTs a very appealing candidate as a lightweight
structural material.

1.1.2.2

Electrical Properties

Carbon nanotubes have extremely low longitudinal resistivity as electrons can
only move in the axial direction in CNTs. As described earlier, CNTs are rolled-up
sheets of graphene atoms. How this rolling-up direction takes place decides the
orientation and electrically conductivity of the CNTs. Depending on such orientations,
CNTs can be either metallic or semiconducting. All CNTs with armchair orientation are
of metallic species and some armchair CNTs even have superior electrical
conductivity compared to other metals [11]. A 30-degree rotation of the graphene
sheets would result in an altered orientation and CNTs could acquire the zigzag
orientation. Two-thirds of the chiral and zigzag nanotubes are semiconducting in
nature [12–14]. Research is also being done on the separation of metallic and
semiconducting CNTs to be used for specific electrical applications [15,16].

1.1.2.3

Thermal Properties of CNTs

Similar to electrical conduction, thermal conduction in CNTs also happens
through the axial direction and limited heat exchange occurs perpendicular to the axis
[17]. The thermal conductivity of CNTs ranges around 3000-3500 W mK-1 [18,19]. The
thermal conductivity of CNTs is better than bulk diamond and graphite at room
temperature and it makes CNTs the first nanostructures with a higher thermal
conductivity than bulk diamond and graphite. In a periodic, elastic configuration of
atoms or molecules, collective oscillation or vibrational motion takes place in all the
5

atoms or molecules in a corresponding lattice. This vibration of the atomic lattice is
measured as phonons. Due to the graphene arrangement in CNTs, thermal energy
transport through CNTs is believed to be predominantly through phonons [20]. These
phonons can scatter in the case of crystallographic defects or external contamination
such as catalyst used for CNT preparation or amorphous carbon and can create
resistance in thermal conductivity at higher amounts inducing increased thermal
resistance [19,20]. Our lab has also shown that increased thermal resistance is also
observed with increasing the height of the CNT carpet [21]

1.1.2.4

Adsorption Properties of CNTs

Adsorption is the process in which a solid adsorbent receives either gas,
solution, or solute and the molecules attach on the surface as a thin film. CNTs due to
their hollow tubular morphology and substantially high surface area provide
exceptional adsorption capacity [22,23]. Carbon nanotubes are easier to use, provide
increased adsorption, quicker equilibrium times, and more efficient reuse potential
than activated carbon which is widely used for adsorption applications [24,25]. In
addition to that, CNTs can also be used to capture microorganisms or a specific
contaminant and can provide a better alternative for future adsorption and water
purification devices [26]. Due to their functionalizable properties and inert nature,
CNTs can be used in a wide variety of adsorption-based applications.

Prior Work on Applications of CNTs
Due to the aforementioned properties, CNTs have the potential to be used in a
wide variety of applications including but not limited to catalysis, field emission, energy
storage, biosensors, flexible electronics, air filtration, water purification, conductive
6

tapes, thermal conductors, energy storage, thermal materials, structural applications,
and biomedical applications.

1.1.3.1

Biosensors

Biosensors are usually comprised of a sensing element and a signal
transducer. Sensing elements usually are biological elements such as protein,
antibodies, enzymes, nucleic acid, bacteria, microorganisms, etc. For a biosensor, the
transducing device is a crucial feature that produces the output signal which could be
in electrical, magnetic, optical, or thermal forms. In recent years, advances in the world
of nanotechnology have given rise to new and advanced transducers for biosensors.
Carbon nanotubes due to their high aspect ratio, enhanced surface area, high
electrical conductivity, and ability to be functionalized with different functional groups
are very sought after for electrochemical biosensors. CNT-based biosensors have
been successfully used for a wide range of applications ranging from the detection of
drugs in biological samples and blood glucose monitoring to the detection of bacteria
and microorganisms [27–29].

1.1.3.2

Water Purification and Catalytic Support

There has been a growing trend to use materials with a high surface area for
water treatment applications. Nanoparticles are being increasingly used in conjugation
with porous materials in order to provide increased surface area for the potential
adsorption of contaminants. Carbon-based materials such as activated carbon, carbon
fibers, and carbon-based nanomaterials due to their increased surface area nature
can be extremely useful for applications such as water purification or decontamination.
In addition to the increased surface area, CNTs can also enhance the adsorption and
desorption properties of a material [30]. CNT-based materials can also be used with
7

nanoparticles to achieve substantially increased catalytic effects for water treatment
[31,32].

1.1.3.3

Composites

CNTs make an excellent addition to composites due to their mechanical
strength, high aspect ratios, and easy to functionalize nature, which can increase their
interaction with the material. Additionally, CNTs can also provide some extremely
unique material properties as they can be very flexible in nature and have excellent
thermal and electrical conductivity. Plus, they are also non-corrosive. Due to such
advantages, CNTs can be used in a wide variety of composites as additives and can
be combined with various materials based on the type of application. Due to its
advantages for structural applications, CNTs can be used to reinforce various
materials, particularly carbon-based for lightweight yet high-performance structural
materials. Some of the examples include the use of CNTs in the aerospace, railroad,
automotive, and sporting goods industries [33,34]. In addition to this, CNTs can also
be aligned and bundled as a fiber to manufacture carbon nanotube high-performance
fibers with superior properties even on a macroscopic level [35].

1.1.3.4

Electronics

Electronics based on carbon nanotubes have been identified to be one of the
most suitable candidates for advancement in energy efficiency and computing power
[15]. In terms of electrical conductivity, CNTs can either be metallic or semiconducting,
based on the configuration of the CNTs. In the case of armchair orientation, there is
no gap in between conduction and valence bands and CNTs acquire electrical
properties similar to metals. In the majority of chiral and zigzag forms, there is an
energy gap in between the conduction and valance bands and the CNTs have
8

semiconducting properties. Ever since an integrated circuit was built around a single
CNT [36], its use in flexible electronics has increased tremendously. CNTs are being
used in integrated circuits [37], light-emitting diodes [38], touch panels [39],
supercapacitors [40], and many more flexible electronic devices. Traditionally used
silicon-based transistor systems can be made with CNTs, which can drastically
improve the performance and energy use of the device. Novel CNT-based transistors
are also reported to be potentially used in the manufacturing of next-generation
computer systems [16].

Fabrication Methods used for CNT Deposition
By attaching a layer of carbon nanotubes to a substrate, an enhanced
hierarchical interface can be created. This will allow for a structure that can be modified
both at micro and nano levels. However, creating a hierarchical structure using CNTs
could also be a huge challenge considering the geometry and composition of a
substrate can highly alter the growth of CNTs [41,42]. There are various ways CNTs
can be fabricated: arc discharge, laser ablation, flame synthesis, high-pressure carbon
monoxide, and chemical vapor deposition. The three most common methods of
producing CNTs are discussed below.

1.1.4.1

Arc Discharge

The first CNTs were made using arc discharge in 1993 [43]. In this method, a
closed chamber filled with inert gas is used. Inside the chamber, two graphite
electrodes are placed, and DC current is applied at extremely high temperatures
around 4000°C to make an arc between the two electrodes. As a result, one graphite
electrode gets vaporized and newly generated CNTs deposit on the other electrode.
9

Generally, by this method, MWCNTs can be produced without any catalyst but mixed
metal catalysts will be required for making SWCNTs.

1.1.4.2

Laser Ablation

This method was first utilized in 1995 by the Smalley lab to produce CNTs [44].
As the name suggests, a high-power laser pulse is used in this technique in order to
ablate and vaporize carbon at high temperatures around 1200°C from a target made
up of graphite. This is done inside a flow tube and the resultant CNT vapors are
collected on the walls of the tube. By this method, very high purity (~90%) SWCNT
can be manufactured, and the diameters of the nanotubes generated are also
consistent. Similar to arc discharge, by this method, MWCNTs can be made without
metal catalysts and SWCNT production requires metal catalysts.

1.1.4.3

Chemical Vapor Deposition (CVD)

This is one of the most widely used methods to produce CNTs due to the
simplicity, versatility, low cost, higher CNT yields, and various controllable optimization
steps [45]. This method uses a liquid or gaseous form of hydrocarbon source, metal
catalyst, and inert gas along with high temperature in a tube furnace. The metal
catalyst decomposes the hydrocarbon source into CNTs, and the nucleation begins
from the metal catalyst particles. This CVD method can be used for the production of
both SWCNTs and MWCNTs and the yield can be optimized to be high or low. In
addition to that, both aligned and non-aligned forms of CNTs can be produced by
optimizing catalysts used in the method. Hence, the desired morphology of CNTs can
be achieved and optimized on pre-defined surfaces by using the CVD technique.
The Mukhopadhyay lab identified that the growth of the CNTs on irregular
surfaces can be enhanced and made more uniform by coating the surface with a silica
10

buffer layer first. This SiO2 buffer layer was achieved by Mukhopadhyay et.al. [46]
using oxygen plasma-enhanced chemical vapor deposition (PECVD) and then
subsequent CNT-coating was done by floating catalyst-based thermal chemical vapor
deposition method. This process could lead to increased impurities but that can be
addressed by additional purification steps [47]. The other disadvantage of using this
method is the substrate size is limited by the chamber area. This mode of CNT-coating
was used for this work. More details about the method are discussed in the materials
and methods section of this chapter.

Wettability
Wettability is the interaction of a liquid to sustain contact with a solid. When a
liquid interacts with a solid surface, there are two kinds of forces that determine how
the interaction will take place. These forces are adhesive and cohesive in nature. The
adhesive force is between the affinity of the liquid to interact with the solid surface and
the cohesive force is within the liquid itself. Liquid always adjusts its shape to expose
the smallest surface area possible. In the case of strong adhesive forces, the liquid
will spread out and form a thin sheet over the solid surface. This process is also called
wetting (Figure 2). If the cohesive forces predominate, the liquid will minimize the
surface interaction with the solid surface and will form spherical beads instead.
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Figure 2 Wetting and contact angle.
Decreasing contact angle due to decreasing cohesive forces and/or increasing
adhesive forces

1.1.5.1

Wetting on a Surface

When the contact angle is high (>90°), it indicates that surface wetting by liquid
is not favorable, and the liquid may thus remain in a droplet and minimize surface
interaction. This is also known as incomplete/partial wetting or non-wetting. If the liquid
is a water droplet, it can also be termed as a hydrophobic surface (repels water). If the
contact angle is beyond 150°, the surface can be termed superhydrophobic. In such
a case, there is almost no contact between the droplet and the surface. A lower contact
angle (<90°) on the other hand is representative of wetting, and it can also mean that
the liquid-surface contact is favorable. Such surfaces with high water affinity are called
hydrophilic.
Surface tension can be defined as the cohesive force between molecules at
the material surface. Due to surface tension, liquid always assumes a configuration
where it occupies the lowest surface area. Surface energy is the intermolecular force
between the molecules at the solid surface. The determination of how the interaction
between liquid and solid surface will take place can be done by the spreading
parameter, which can be calculated using the following equation:
12

𝑆 = [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ]𝑑𝑟𝑦 − [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ]𝑤𝑒𝑡
Here, 𝑆 is the Spreading parameter, [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ]𝑑𝑟𝑦 is surface energy when the
substrate is dry and [𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ]𝑤𝑒𝑡 is the surface energy when the substrate is wet.
If the spreading parameter is positive, liquid spreads to lower its surface energy
and wetting will take place. If 𝑆 is negative, there will be incomplete/partial or no
wetting.

1.1.5.2

Young’s Equation for Contact Angle

Figure 3 Young’s contact angle model.
Contact angle measurement of a drop on an ideal solid surface. The young equation
assumes that the surface topography is smooth and it is chemically homogenous.
Reprinted from “Multi-walled carbon nanotube carpets as scaffolds for U87MG
glioblastoma multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W.,
Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and Engineering: C,
108, 110345. Copyright by Elsevier

The wettability of a solid surface for a liquid can be determined by measuring
the contact angle of the liquid droplet onto the substrate. For an ideally smooth
surface, Young’s equation [48] determines this inherent contact angle of a liquid drop
which can be calculated by using this formula:
𝑐𝑜𝑠𝜃 = (𝛾𝑆𝑉 − 𝛾𝑆𝐿 )/ 𝛾𝐿𝑉
where 𝜃 is apparent contact angle, 𝛾𝑆𝑉 is solid–vapor interfacial tension; 𝛾𝑆𝐿 is
solid-liquid interfacial tension; 𝛾𝐿𝑉 is liquid-vapor interfacial tension. Young’s equation
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recognizes equilibrium between all three phases: solid, liquid, and gas. As these
forces come in contact, the liquid assumes a shape where all three phases are
balanced. Hence, this equation is very important to describe the wettability of a
surface.

1.1.5.3

Wenzel’s Equation

Although Young’s equation gives us a fair idea of the inherent contact angle of
a liquid, it assumes that the solid surface is smooth, rigid, and homogenous, which is
not usually the case. Surface roughness is a property that is omnipresent in most of
the used surfaces. Taking account of that, Robert Wenzel came up with a modified
version of Young’s equation [49].
𝑐𝑜𝑠𝜃 = 𝑟𝑐𝑜𝑠𝜃𝑖 , (r>1)
Where r is surface roughness factor and 𝜃𝑖 is the inherent contact angle of the
liquid.

Figure 4 Schematic of a drop on a solid surface in the Wenzel model.
In the Wenzel model, the liquid is homogenously in contact with the solid surface.
Reprinted from “Multi-walled carbon nanotube carpets as scaffolds for U87MG
glioblastoma multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W.,
Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and Engineering: C,
108, 110345. Copyright by Elsevier
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1.1.5.4

Cassie-Baxter Equation

When the surface roughness is extremely large, it may trap air inside the
structure. The presence of air pockets in the surface may avert liquid contact with the
full surface and the droplets in that scenario are only in contact with the top of the
asperities. In such a case, the top surface is made up of air and solid. In such a case,
the fakir drop regime (Figure 5) follows the Cassie-Baxter equation [50] and the
apparent contact angle is calculated as in the below equation.
𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑟𝑓 𝑐𝑜𝑠𝜃𝑖 + f - 1
Here r is surface roughness, f is the surface fraction of solid and liquid in
contact.

Figure 5 Schematic of a drop on a solid surface in the Cassie-Baxter model.
In this model, the liquid is in heterogenous contact with the solid surface and due to
air pockets within the surface, full liquid contact is avoided. Reprinted from “Multiwalled carbon nanotube carpets as scaffolds for U87MG glioblastoma multiforme cell
growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W., Mukhopadhyay, S. M., &
Mayes, D. A. (2020). Materials Science and Engineering: C, 108, 110345. Copyright
by Elsevier

Wenzel and Cassie-Baxter equations are the most commonly used models to
estimate contact angles and to estimate surface wettability. The carbon scaffold CNT
coating preparation used in these studies creates superhydrophobic structures with
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the fraction of liquid-solid interface (f) being extremely low and follows the CassieBaxter model (Figure 5).
𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑟𝑓 𝑐𝑜𝑠𝜃𝑖 + f - 1
As previously reported, our hierarchical CNT-coated scaffolds have an f as low
as 0.0462 [51]. As a result, whenever the inherent contact angle range (𝜃𝑖 ) is in the
hydrophobic range, the same scaffolds coated with vertically aligned CNT carpets will
exaggerate this effect and become superhydrophobic. Alternatively, when the inherent
contact angle is in the hydrophilic range, those values are also exaggerated and
become extremely hydrophilic after CNT-coating. Theoretically, this would shift cell
adhesion and cell scaffold interactions into a Wenzel model (Figure 4).

Prior Work on CNT Surface Functionalization for Wettability
Modification
Carbon nanotubes are hydrophobic in nature and cannot be suspended in
water. CNTs can be functionalized by either noncovalent or covalent modifications for
making them hydrophilic for biomedical applications [52]. CNTs can be functionalized
noncovalently by surfactants, hydrophilic macromolecules, and repulsive forces [53].
Covalent CNT functionalization can be achieved by an acid oxidation reaction. For
example, strong acids like nitric acid are generally used to oxidize CNTs. CNTs can
also be conjugated by functional groups by treating them with chemicals or amino
acids. For instance, by reactions such as 1,3-dipolar cycloaddition, functional groups
can be attached to side-walls as well as on tips of CNTs [52,54].
Other advantages of using CNT-coated carbon scaffolds for potential biological
therapies include the ability to modify CNTs. The CNT length and density upon these
multiscale hierarchical carbon foam or fiber supports can be modified according to the
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tissue of interest and the surface chemistry can also be modified and functionalized
with moieties of interest for future possible therapeutic development. Because of such
unique functionalization capabilities, CNTs can be effectively used for drug delivery
purposes by forming stable complexes in molecular therapeutics such as siRNA and
drug molecules [112,113].

17

1.2

Materials and Methods
Chemicals
Xylene (PTI chemicals) was used as a carbon source, ferrocene (99%) (Alfa-

Aesar Ltd) as a catalyst, hexamethyldisiloxane (HMDSO) (99.5%, Sigma-Aldrich
chemicals) for silicon oxide plasma treatment, and commercially available sodium
hypochlorite solution for surface wettability treatment. Ethanol (200 proof) (Decon
Laboratories),

methanol

(≥99.9%)

(VWR

chemicals),

isopropanol

(Fisher

Bioreagents), and deionized water (DI water) were used for surface treatment.
Hydrogen gas (99%) was used as a reducing gas. Oxygen (99.5%), and argon gases
(99.999%) were used as inert gases in the chemical vapor deposition process.

Substrates
Carbon substrates were coated with Carbon Nanotube forests. The substrates
used in the study are highly porous Reticulated Vitreous Carbon (RVC) foam and
highly aligned carbon fiber mats. Figure 6 shows low-resolution scanning electron
microscopy pictures of the substrates used.

1.2.2.1

Reticulated Vitreous Carbon Foam (RVC Foam)

RVC foam is generally manufactured by pyrolysis of thermosetting foam in an
inert environment. RVC foams have open porous three-dimensional structures and
thus have a very high surface area and have less fluid resistance. Due to their surface
properties, the RVC foams can be used in a wide variety of applications including
thermal, catalysis, filtration, aerospace, semiconductor, and biomedical devices. This
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foam was generously supplied by Ultramet Inc., USA. The foams had 97% open
porosity, interconnected carbon solid struts, and 80 pores per inch. These RVC foams
also have very low density (0.045 g/cc), are thermally insulating, electrically
conductive, and chemically inert. These features are useful when choosing a
biomaterial for cell scaffolding. The detailed material properties of the RVC foam are
listed in Table 1.

Standard Properties of the RVC foam
Micro Porosity (%)

97

Bulk density (g/cm3)

0.045

Average Pore Size (μm)

300

Compression Strength at 20°C (MPa)

0.763

Flexural Strength (MPa)

58.6

Electrical conductivity (S/cm)

1.33

Bulk Thermal conductivity at 200°C (W/m.K)

0.085

Table 1 Summary of important material characteristics of RVC foam used in
the study (from the manufacturer)

1.2.2.2

Aligned Carbon Fiber Mats

Carbon fiber mats are generally manufactured by heating carbon at extreme
temperatures and then interweaving the carbon fibers to make a carbon cloth. Twodimensional carbon fiber mats were generously gifted by Hexcel (ACGP206-P-50).
These fibers are flexible yet very strong, which is a unique property. They are used for
19

a wide variety of applications in different fields including aerospace, automotive,
reinforcing composite and biomedical engineering.

Figure 6 Low-resolution scanning electron microscopy (SEM) micrographs of
reticular vitreous carbon (RVC) foam (L) and aligned carbon fiber mats (R).
The porous 3D morphology and interconnected carbon solid struts for the RVC foams
are evident from the SEM micrographs. Aligned and perpendicular carbon fibers of the
carbon fiber mats can be observed.

Experimental Methods
1.2.3.1

Preparation of nanotube-coated scaffolds

Both aligned carbon fiber mats and RVC foam samples were nanofunctionalized by covalently bonding carbon nanotubes to their surface using a
previously optimized two-step method developed by the Mukhopadhyay group
[30,55,56]. The first step involves oxygen plasma layer deposition by Microwave
Plasma Enhanced Chemical Vapor Deposition (MPE-CVD). In the second step, the
oxygen plasma layer-treated substrates are subjected to a carbon source, which in
turn creates carbon nanotube-coated scaffolds. This step is done through Thermal
Chemical Vapor Deposition. In our set-up, it was previously established that to form a
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uniformly coated layer of CNTs, iron metal catalysts are critical and hence were used
along with the carbon source [57].
1.2.3.1.1 Microwave Plasma Enhanced Chemical Vapor Deposition (MPE-CVD):
This process is executed by treating carbon fiber and carbon foam samples to
form a silicon oxide plasma/buffer layer. This is done by exposing the samples to the
plasma of hexamethyl-di-siloxane (HMDSO, 99.5%, Sigma Aldrich) and oxygen
(99.9%) as a precursor in a microwave plasma reactor (V15GL, PlasmaTech Inc.).
In the beginning, the substrates are cut in appropriate sizes and placed on a
wire mesh holder, and then sealed from the sides by a plastic wrap to ensure the gas
treatment only passes through the substrates. MPE-CVD is a three-step process. The
first step, Etching is done by flowing oxygen at 50 ml/minute for 3 minutes at 48 Pa
chamber pressure and microwave power of 225 watts. This step is for cleaning up and
activation the substrates for the next step.
In the second step, Silica Coating controls the oxygen plasma layer thickness.
In this step, HMDSO (2 ml/min) is also introduced for 5 minutes with oxygen at a
microwave power of 250 watts and 60 Pa chamber pressure.
The last step, also known as Stabilizing step, is conducted to stabilize the oxide
coating formed in the silica coating step. In this step, oxygen is passed at 50 ml/minute
for 1 minute at 50 Pa chamber pressure and low microwave power of 150 watts.
Microwave Plasma Enhanced Chemical Vapor Deposition step (Figure 7)
forms the Si-C bond that covalently binds the oxygen plasma layer on the substrate.
Mukhopadhyay lab has already characterized and optimized the oxygen plasma
treatment steps for different substrate types [46,55,58]. Each substrate is plasma
treated on the front as well as on the backside.
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For carbon fiber cloths (CFC), the procedure used for front oxygen plasma
coating is done by following steps 1,2,3,2, and 3. For back coating, steps 3,2,3,2, and
3 are followed. For RVC foams, the plasma coating is the same as fiber cloths, with
the modification that the front coating is repeated twice. These steps are preoptimized
[55,58] and yield a stable plasma layer on the substrate, which is then treated with
floating catalyst chemical vapor for CNT deposition.

Figure 7 Set-up for Microwave Plasma Enhanced Chemical Vapor Deposition
step used in this study for plasma layer coating on foam and fiber substrates.
Briefly, the substrate (fiber cloth or carbon foam) is placed on a wire mesh in a vacuum
chamber and treated with microwave plasma along with HDMSO vapor under
pressure. This yields a covalently bonded SiO2 plasma layer onto the substrate.
1.2.3.1.2 Floating-Catalyst Chemical Vapor Deposition of Carbon Nanotubes
(CNT)
The Thermal Chemical Vapor Deposition of Carbon Nanotubes using a floating
catalyst technique was adapted from previous research [59,60]. For this technique, a
quartz tube with a three-zone furnace (MTI Corporation Ltd.) was used (Figure 8). The
quartz tube has an outer diameter of 80 mm, an inner diameter of 72 mm, and a length
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of 1400 mm, and its temperature is controlled by a computer control module (OTF1200X-III, MTI). The quartz tube is sealed with stainless-steel caps on both ends,
which has openings for gas flow as well as carbon precursor and catalyst injection on
one end and an outlet for exhaust on the other. The tube was insulated by two
cylindrical disc supports (diameter ~70mm) and sealed on both ends.

A

B

Figure 8 Chemical Vapor Deposition set-up used in this study for the preparation
of carbon nanotubes.
CVD Furnace (A) and graphical representation of three-zone furnace set-up (B) used
for Thermal Chemical Vapor Deposition of Carbon Nanotubes using a floating catalyst
technique. Briefly, catalyst (Fe) and carbon source (Xy) are passed in presence of
argon and hydrogen gases at high temperatures. This leads to the chemical deposition
of carbon nanotubes which strongly bind to the plasma layer.
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The three-zone furnace set-up is shown in Figure 8. Three zones will be
referred to as left, center, and right zones. The right zone is termed as a catalyst or
pre-heat zone as the freshly mixed catalyst and the carbon source is introduced in the
system from the right zone which heats the mixture at 380°C which turns the liquid
into vapor form. The left and center zones are also called growth zones as the catalyst
starts binding on the substrates and carbon nanotubes start growing.
This method has been based on previous work [59,61] and it takes place in
presence of an Ar/H2 environment. Argon (Ultra-high purity) is provided to keep the
environment inert while hydrogen (99.999%) facilitates the growth of CNTs. The flow
rate of Argon is maintained at 1200cc/min and hydrogen is maintained at 240cc/min.
The growth zone is kept at 700°C during the entire reaction phase. In this process,
ferrocene is used as a catalyst, and xylene is used as a carbon source. Ferrocene
powder (99%, Alfa Aesar) is dissolved in pure xylene (99%, Alfa Aesar) with a
concentration of 10mg/L. The prepared solution is injected using a stainless-steel
syringe (Harvard Apparatus) and needle (Small Parts) set up through an infusion
pump (Pump 11 Elite, Harvard apparatus). The flow rate is maintained at 12.5 ml/hour.
The process runs for a pre-defined time for desired CNT growth and once the
reaction is over, hydrogen flow is turned off, argon flow is lowered and the furnace
cooled down with the rate of 5℃/min and brought back to room temperature. This is
the established process for growing CNT on different porous supports in the
Mukhopadhyay lab. Following optimization studies, 2h growth was chosen for Long
CNT-coated scaffolds and 20-minute growth for Short CNT-coated scaffolds.
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Surface Treatment of CNT-modified Surfaces
Inherently, the produced CNT arrays exhibit superhydrophobic nature, and the
water contact angle on such surfaces is >160°. However, it may vary, and the contact
angle may decrease if the CNT alignment is disturbed or the oxygen-containing groups
covalently bind to the surface [62]. The CNT-coated scaffolds were treated with
different chemicals to evaluate surface wettability.

1.2.4.1

Chemical Oxidation with Acid and Base

Functionalization with acids is one of the commonly reported methods to make
the carbon nanotubes hydrophilic. The scaffolds were treated with nitric acid,
hydrochloric acid, or ammonium hydroxide and evaluated for changes in wettability.
Scaffolds were treated with different concentrations of HNO3 for 10 minutes or 30
minutes, HCl for 10 mins or 90 minutes, and NH4OH for 1h. Following the chemical
treatment, scaffolds were washed with deionized water multiple times to remove any
remnant acid and the contact angle of water droplets on the treated scaffolds was
analyzed.

1.2.4.2

Oxygen Plasma Treatment

To convert the superhydrophobic surface to a more hydrophilic surface, oxygen
plasma treatment functionalization was also evaluated. Previous studies have shown
that water wettability can be regulated by repeated plasma and air annealing
treatments [51]. Therefore, the CNT-coated scaffolds were treated in a microwave
plasma reactor (V15GL, PlasmaTech Inc.) at 115W at 50ml/min oxygen flow rate for
6 seconds as previously optimized [63] and the treatment was applied to one side of
CNT-coated fibers and both sides of CNT-coated foams due to the thickness of foams.
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1.2.4.3

Bleach Treatment

For bleach treatment, samples were first treated with 1M nitric acid at room
temperature to remove metal impurities and amorphous carbon. This low
concentration nitric acid treatment also mildly oxidizes the surface. Samples were then
treated with ethanol and the dried scaffolds were autoclaved at 121°C for 20 minutes
in the keratinocyte study. For the GBM study, the autoclave step was not used.
Scaffolds were then treated for 1h with 70% isopropanol (in presence of UV light in
the GBM study) followed by a 1h treatment with 15% v/v sodium hypochlorite-based
bleach-containing solution at room temperature and finally washed three times with
autoclaved deionized water.

Characterization of CNT-coated Hierarchical Scaffolds
1.2.5.1

Contact Angle

Contact angles for samples with or without CNT functionalization were
measured using a lab-made contact angle goniometer assembly. 5μl drop of DI water
was added to the carbon scaffolds using a micropipette (Eppendorf). Water-droplet
image processing and contact angle measurements were calculated using
SolidWorks® software. The measurement was repeated for at least 3 different
samples and for each sample, at least 5 different spots were analyzed to yield accurate
results. For hydrophilic surfaces, some of the representative values are qualitative,
despite the repeated measurements due to the very small value of contact angle and
gradual wicking of the water droplet into the surfaces of carbon scaffolds.
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1.2.5.2

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to observe micro as well as
nano features of the scaffolds used in the different experiments. For this, a field
emission scanning electron microscope, JEOL 7401F was used. The images were
acquired using secondary (1-2kV) and a mixture of secondary and backscatter (510kV) modes with variable accelerating voltages and working distances depending on
the sample type. Backscatter mode allows identifying structural as well as the
composition of various samples just below the outer surface. Transmission mode
allows for high magnification images, which were used for understanding the surface
topography of CNTs grown over different time periods.

1.2.5.3

Energy Dispersive X-Ray Spectroscopy (EDS)

Using SEM, characteristic X-rays are emitted from the samples, which were
also used for Energy-dispersive X-ray spectroscopy (EDS) of the samples. This was
done using the Ametek Inc. EDAX system, which is attached with a field emission
scanning electron microscope, JEOL 7401F. This system provides qualitative data of
elements present in a sample at the surface level and up to a surface depth of several
microns.

1.2.5.4

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed to understand the
detailed surface chemical composition of the CNT-coated scaffolds and to understand
the surface chemical changes pre- and post-chemical modifications. The XPS
evaluations are based on exposing the material to an X-ray source and measuring the
kinetic energy of ejected photoelectrons emitted from the samples. XPS is a surface-
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sensitive technique and gives insights into the elemental composition, bonding, and
chemical state of the top 1-7nm of the outer surface.
Each atom produces unique binding energy and it is also specific to the overall
molecule. XPS was carried out using the Kratos (Axis Ultra) system and was
performed in an ultra-high vacuum environment (UHV, ~10-9 Torr), with a
monochromatized Al Kα (1486.6 eV) source. The acquired data was processed with
Casa XPS software (Casa Software Ltd).
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1.3

Results
Nano-functionalization of Carbon Foam and Carbon Fiber Scaffolds

with MWCNT.
Reticulated Vitreous Carbon (RVC) foam and aligned carbon fiber mats were
used as carbon substrate scaffolds for carbon nanotube growth. These materials are
made of carbon and have very different structural properties. Carbon foam and fiber
substrates were processed through a two-step process as previously reported and
were coated with CNT carpets [64–66]. Non-coated carbon structures are defined here
as ‘pristine’ and carbon fiber cloths are denoted as CFC. All prepared foam samples
were cut into cylinders of 0.5 cm diameter and 0.5 cm height (Figure 9 A1, B1). Surface
characteristics of scaffolds were measured using scanning electron microscopy.
Figure 9 displays representative images of pristine and CNT-coated carbon foam and
fiber scaffolds whereas CNT-coated scaffolds show vertically grown carbon nanotube
carpets onto and inside the porous foam substrates (Figure 9 B2–B3). The nanoscaled cross-links form a 3D architecture in CNT-coated scaffolds (Figure 9 C).
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Figure 9 Nano-functionalization of carbon foam with MWCNT.
Representative images of the multiscale hierarchical structure of carbon foam with or
without the addition of 120 minute CNT coating. Optical images of cylindrical-shaped
0.5×0.5 cm carbon foam (A1) and CNT-coated carbon foam (B1). Representative SEM
images of foam (A2-A3), carbon nanotube-coated foam (B2–B3), Representative high
magnification images show nanoroughness contributed by CNTs in foam (C)
scaffolds. Representative scale bars: A2, B2, & B3=100μm; A3 = 10μm; C =1μm.
Reprinted from “Multi-walled carbon nanotube carpets as scaffolds for U87MG
glioblastoma multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W.,
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Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and Engineering: C,
108, 110345. Copyright by Elsevier.

All the prepared fiber scaffolds were cut into 1 cm×1 cm squares unless stated
otherwise (Figure 10 A1, B1). Representative SEM images show the detailed
microstructural alignment of the fibers and hierarchical multiscale architectures of
pristine (Figure 10 A2–A3) and CNT-coated carbon fibers (CNT-CFC) and how CNTs
coat along with the weave of fiber cloth (Figure 10 B2-B3) supports.
From Figure 9 and Figure 10, it can be observed that carbon substrates are
smoother in their structural morphology before coating and get fuzzier after the CNTcoating. Tube-like clusters on the supports can be visualized, contributing to an
increase in nano-roughness in the CNT-coated foam and fiber structures when
compared to their pristine counterparts. The individual nanotubes in these carpets are
multi-walled CNT of uniform size and shape with an outer diameter in the range of 30
nm and lengths of the order of 200μm [67]. The CNTs also appear to be clustered as
a carpet on CNT-coated carbon fiber structures (Figure 9 C).
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Figure 10 Nano-functionalization of carbon fiber with MWCNT.
Representative images of the multiscale hierarchical structure of carbon fiber with or
without the addition of 120-minute CNT coating. Optical images of 1×1cm carbon fiber
(A1) and CNT-coated carbon fiber scaffolds (B1). Representative SEM images of
carbon fiber (A2–A3), and CNT-coated fiber (B2-B3) scaffolds. Representative scale
bars: A2 & B2=1 mm; A3=10μm; B3=20μm; and C=5 mm. Reprinted from “Multi-walled
carbon nanotube carpets as scaffolds for U87MG glioblastoma multiforme cell growth”
by Parikh, S. D., Dave, S., Huang, L., Wang, W., Mukhopadhyay, S. M., & Mayes, D.
A. (2020). Materials Science and Engineering: C, 108, 110345. Copyright by Elsevier
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Carpet length using this method can be tailored, which could be important for
future bio-implant development. To achieve a shorter length of CNTs to analyze the
effects on cell growth applications, in addition to the 120-minute floating catalyst CVD
method, we also analyzed different time points to achieve the desired characteristics
of the CNTs. Nano-tailored surfaces of the aligned carbon fiber mats after 6, 10, 20,
30, and 40 minutes of floating catalyst chemical vapor deposition were assessed in
this study to optimize the timing for preparing short CNTs that with uniformly distributed
and interconnected CNT clusters (Figure 11-14). For long CNTs, a pre-optimized 120
minute deposition time was chosen (Figure 15) [66].
For the 6-minute coating and 10-minute coating (Figure 11), it can be observed
that the attachment and growth of the CNTs are random and nonaligned. This could
be due to a lack of nucleation sites available as the time may not be enough to provide
sufficient deposition of the catalyst particles. Hence the CNT clusters can only be
observed in several areas in a non-uniform manner. For this topography, there are not
enough CNTs available on the surface and the characteristic uniform and dense
carpet-like structures are not formed and not all CNTs are in contact with the adjacent
tubes.
From 20-minute coating and onwards, enough nanotubes can be observed to
be uniformly distributed throughout the fiber cloth substrate and we see the
characteristic CNT-forest covering the entire surface of the substrate. As the coating
time increases, more entangled CNT structures can be observed. With increasing
times, the underlying carbon fibrils start becoming indistinguishable due to increased
lengths. This is consistent with the previous studies that the length of the CNTs
increases with time [57]. The calculated values for the lengths of the CNTs have also
been documented before on graphite substrates [57]. Graphite has a flat surface,
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which is an ideal geometry as its cross-section can be observed and the
measurements can be accurately performed. As the fiber cloths and foams have a
non-uniform topography, the measurements become extremely difficult and we have
used the graphene calculations for approximate length estimation. As the CNT carpet
growth is directly formed and is dependent on the plasma buffer layer [64,68], and the
buffer layer used for all the substrates is the same, we can use the graphite
calculations for CNT length measurement on fiber cloths.
For our study, the 6- and 10-minute growth do not give uniform CNT-coating
and lengths cannot be accurately measured due to the sporadic growth (Table 2).
However, from previous reports [57], CNT length is known to be 14.5μm for a 20minute coating on graphite. Therefore, CNT length can be predicted to be around
32.3μm for 30-minute coating, 54μm for 40-minute coating, and 210μm from the 120minute coating. Also, from the work of Wang et al. [32], it was also proved that CNT
diameter remains consistent with different growth times. Hence, by keeping the same
substrate material and varying only the CNT coating times, we achieve CNTs with
consistent diameters. Since CNT formation is dependent on the buffer layer and the
nucleation sites of the CNTs on the substrate are limited, we can elucidate that CNT
morphologies for different growth times remain the same and the primary
differentiating factor between them is their length.
From the SEM images, consistent with our previous studies [30,60] it was
evident that the growing CNTs have entangled structures and resemble a carpet-like
structure on the substrates. In our previous studies [57], using even surfaces like
graphite, our lab has also shown that the CNT carpets have micro-scaled roughness,
represented by hills and valleys. There are millions of nanotubes on a small 1x1 cm
fabric and they all can be tailored for their height and hence we can optimize a
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hierarchical structure by selecting the right underlying substrate and by controlling the
CNT properties. This could be very advantageous for bioscaffolding applications.
Our lab has already done an extensive amount of work on analyzing the CNT
properties with increased growth time. In this study, we aimed to modify the fiber cloth
using two different times of the floating catalyst method so that the CNTs coated on
the substrate are of short (Figure 12) and long (Figure 15) lengths which can
potentially lead to different cellular interactions. Section 2 evaluates the biological
effects of short vs. long CNTs. Through different coating times, we were able to
achieve different CNT growth on the same base substrate consistent with the previous
studies in our lab [57]. It was also shown in the previous work that no measurable CNT
growth occurs up to the first 5 minutes of the coating times and the CNT length linearly
increases with time for up to 120 minutes. Hence we opted to test 6 minutes and above
times up to 120 minutes for the coating step to determine the shortest time point for
CNTs where the coating on the fiber cloth is uniform but not isolated [57].
Consistent with previous results, we were also able to generate uniform but
significantly less entangled and shorter forests with 20-minute coating, referred to as
‘short CNTs’ (Figure 12) due to their shorter lengths, and extremely entangled and
longer CNT forests for 120-minute coating, referred to as long CNTs (Figure 15).
These two growth settings were used to identify the effects of cell growth of skin cells
in Section 2.
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Figure 11 Representative images of the multiscale hierarchical structure of
carbon fiber with 6 minutes (L) and 10 mins (R) of Floating-Catalyst Chemical
Vapor Deposition of CNTs.
CNTs are random and nonaligned most likely due to the initial nucleation phase. Bare
carbon cloth fibrils are visibly present as there are not enough CNTs available on the
surface and the characteristic uniform and carpet-like structures are not formed.
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Figure 12 Representative images of the multiscale hierarchical structure of
carbon fiber with 20 minutes of Floating-Catalyst Chemical Vapor Deposition of
CNTs.
Uniformly distributed and interconnected nanotube structures throughout the fiber
cloth substrate can be observed. The underlying fibrils are visibly covered with CNTs.
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Figure 13 Representative images of the multiscale hierarchical structure of
carbon fiber with 30 minutes of Floating-Catalyst Chemical Vapor Deposition of
CNTs.
Uniformly distributed and interconnected nanotube structures throughout the fiber
cloth substrate are observed. The underlying fibrils are visibly covered with CNTs.
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Figure 14 Representative images of the multiscale hierarchical structure of
carbon fiber with 40 minutes of Floating-Catalyst Chemical Vapor Deposition of
CNTs.
Uniformly distributed and extremely thick layers of CNTs are visible over the fiber cloth
substrate.
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Figure 15 Representative images of the multiscale hierarchical structure of
carbon fiber with 120 minutes of Floating-Catalyst Chemical Vapor Deposition
of CNTs.
Uniformly distributed and extremely thick layers of CNTs are visible over the fiber cloth
substrate. The underlying fibrils are not visible due to the extensive growth time.
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CNT-coating

Expected

duration

CNT

(minutes)

Length

6

N/A

Observation

Sporadic and isolated CNT clusters. Probably due to
the initial nucleation process not being complete.
Length cannot be estimated due to the irregularity

10

N/A

Sporadic and isolated CNT clusters. Probably due to
the initial nucleation process not being complete.
More clusters compared to 6-minute coating. Length
cannot be estimated due to the irregularity

20

14.5μm

(Short CNT)

Well distributed and entangled CNT clusters.
Underlying carbon fibers are coated with short
CNTs. The chosen time point for short-CNT
analysis.

30

32.3μm

Well distributed and entangled CNT clusters.
Underlying carbon fibers start becoming
indistinguishable due to increased CNT length

40

54μm

Well distributed and entangled CNT clusters. Very
packed CNTs due to increased length. Carbon fibers
visibly coated with CNT carpets

120
(Long CNT)

210μm

Well distributed and Intertwined CNT clusters. Very
thick layers of CNTs observed over underlying
carbon fibers and the underlying fibrils are not
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visible due to the extensive growth time. The chosen
time point for Long CNT analysis
Table 2 CNT growth time and observations

Wetting and Contact Angle Measurements of Surface-modified CNTCoated Scaffolds
Nano-functionalization

with

carbon

nanotube

surfaces

provides

nanoroughness, which has been linked with improved cellular adhesion [65,66,69,70].
The wettability of these surfaces, which is important for cell proliferation, can be
influenced very strongly by surface chemical attachments, as demonstrated in earlier
studies [51]. We chemically modified the inherently superhydrophobic scaffold
surfaces (water contact angle of >150°), with different methods to assess their
potential to turn the surfaces hydrophilic.

1.3.2.1

Chemical Oxidization to Alter the Wettability

Chemical functionalization is one of the commonly reported methods to make
carbon nanotubes hydrophilic. The degree of functionalization of CNTs is also
inversely linked with cellular cytotoxicity [71]. Metallic impurities have been linked
strongly with in vitro as well as in vivo toxicity [72,73]. The overall aim of this
experiment was to identify a suitable functionalization method to achieve hydrophilicity
and eliminate the metal catalyst impurity from the surface that could induce cytotoxicity
in the cell-culture experiments. The wettability of the scaffolds was measured using a
contact angle goniometer.
Nitric acid is known to modify the surface by functionalizing it with -COOH
groups [74,75]. Apart from the wettability change, it can also help by the removal of
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amorphous carbon and by removing remnant catalysts from the surface. We used
different concentrations of nitric acid and measured the contact angles of the scaffolds.
We found out that even at higher concentrations of 10M HNO3, a short 10-minute
treatment is not enough to alter the surface wettability. However, a 30-minute reaction
with 8M HNO3 successfully modified the CNT-coated scaffolds to be extremely
hydrophilic and the contact angles of the CNT-coated scaffolds were ~30° posttreatment (Table 3).
Hydrochloric acid refluxing is often used to remove impurities, metal catalysts
and does not directly form oxygen-containing groups. However, it exposes the
amorphous carbon and this leads to increased oxygen-bearing sites on CNTs, which
leads to its increased wettability [75]. Similar to nitric acid, a short 10-minute treatment
of HCl was not enough to alter the surface wettability of the CNT-coated scaffolds.
The scaffolds required prolonged treatment with HCl for the wettability modification
and the superhydrophobic CNT-containing scaffolds turned to hydrophilic when
treated with 12M HCl for 90 minutes. The surfaces however did not turn extremely
hydrophilic in this reaction as they did with the nitric acid treatment (Table 3).
Ammonium hydroxide treatment is also known to yield mild oxidation
treatments [76] and also was attempted in this study to check its effect on the surface
wettability of CNT-coated scaffolds. This base treatment was not as successful as the
other treatments and yielded moderate changes in wettability (Table 3). However, this
result was expected as this reaction only leads to partial oxidation of the surfaces as
evidenced by the superhydrophobic to the hydrophobic transformation of the surfaces
at higher concentrations.
In summary, the chemical treatments, particularly acid treatments were
moderately successful in altering the surface wettability of CNT-coated scaffolds at
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higher concentrations and at longer reaction times. However, acid treatments at higher
concentrations have been known to damage the morphology of CNTs [77] and such
CNTs will have inferior structural properties and may not be suitable for scaffolding
applications. Because of that, the acid treatments were not further utilized in our
studies. Similarly, commonly used chemical reactions such as ‘piranha’ solution (a
mixture of sulphuric acid/hydrogen peroxide) [76], and reactions performed with
concentrated acids at higher temperatures were also not attempted in this study.

Contact Angle Measurements
Treatments

Contact Angle

10M Nitric Acid 10 minutes

Extremely hydrophobic >130°

8M Nitric Acid 10 minutes

Extremely hydrophobic >130°

6M Nitric Acid 10 minutes

Extremely hydrophobic >130°

4M Nitric Acid 10 minutes

Extremely hydrophobic >130°

10M HCl for 10 minutes

Extremely hydrophobic >130°

6M HCl for 10 minutes

Extremely hydrophobic >130°

12M HCl for 90 minutes

Hydrophilic <90°

6M HCl for 90 minutes

Hydrophobic, 90°- 130°

3M HCl for 90 minutes

Extremely hydrophobic >130°

16M HNO3 for 30 minutes

Extremely hydrophilic ~30°

8M HNO3 for 30 minutes

Extremely hydrophilic ~30°
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4M HNO3 for 30 minutes

Hydrophilic <90°

7M NH4OH for 60 minutes

Hydrophobic, 90°- 130°

3.5M NH4OH for 60 minutes

Hydrophobic, 90°- 130°

1.7M NH4OH for 60 minutes

Hydrophobic, 90°- 130°

Table 3 Contact angles of a water droplet on CNT-coated scaffolds after
chemical functionalization.

1.3.2.2

Surface Plasma Treatment to Modify the Hydrophobicity

To assess the potential for plasma treatment modification, scaffolds were
treated with 115w oxygen plasma for 6 seconds and wettability was measured.
Plasma-treated CNT-coated scaffolds quickly turned from superhydrophobic to
extremely hydrophilic and modified water contact angles were in the range of 20°- 30°.
Such plasma-treated samples can also be turned to superhydrophobic by treating
them with heat in presence of air circulation, a process called air annealing treatment.
Briefly, samples are placed at 110°C for 3 hours in the presence of an installed fan
[62].
However, plasma treatment was not stable enough for performing studies
evaluating cell growth applications. The resultant wettability effect was transient and
reverted to hydrophobic after 14+ hours of storage. The newly created hydroxyl groups
could have also been replaced by oxygen in the air since the hydroxyl groups have
low binding energy and the reaction is more thermodynamically favorable.
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1.3.2.3

Sodium Hypochlorite-based Bleach Treatment and its Influence

on Water Wettability
To identify a wettability reaction step that also sterilizes samples, sodium
hypochlorite-based bleach treatment was attempted. Surface modification to attach
oxygen and halogen-containing molecular groups through the plasma and liquid
treatments has been investigated by our group for the wettability of various polymers,
water, oil, epoxy, and biofluids [51,56,78–81]. For this study, we hypothesized that the
sodium hypochlorite-based bleach treatment would not only aid in material sterilization
but would also alter the nanomaterial surface wettability. This bleach treatment was
effective for hydrophilicity modification (Figure 16) as well as a sterilization step
(Section 2).
Inherent water contact angles on carbon fiber and foam supports are
hydrophilic. As shown in Tables 3 and 4, contact angles of the CNT-coated carbon
scaffolds are dramatically high compared to pristine fiber and foam supports. As
previously described [51], these results also prove that as-synthesized carbon
nanotubes make the inherent carbon fiber surface superhydrophobic.
To ensure residual carbon and metal impurities from the manufacturing
process are removed, nitric acid treatment is first performed on these materials. CNTcoated fibers treated with 1M Nitric Acid have a slightly lower contact angle than that
shown in untreated CNT-coated fibers (Figure 16 A-B).
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Figure 16 Sodium hypochlorite-based bleach treatment and its influence on
water wettability.
Water contact angle on untreated CNT coated fiber scaffold is superhydrophobic (A).
After nitric acid treatment, water contact angle on the CNT-coated fiber scaffold is
reduced but remains hydrophobic (B). Sodium hypochlorite-based bleach treatment
dramatically reduces the water contact angle and the CNT-coated surfaces become
hydrophilic (C). Reprinted from “Multi-walled carbon nanotube carpets as scaffolds for
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U87MG glioblastoma multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L.,
Wang, W., Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and
Engineering: C, 108, 110345. Copyright by Elsevier

Composition

Contact Angle (°)

Pristine Foam

65-75

CNT Foam

160

Nitric Acid Treated CNT Foam

140-150

Sodium hypochlorite treated CNT Foam

0-30

Table 4 Mean contact angle measurements for foam coated scaffolds

Composition

Contact Angle (°)

Pristine Fiber

40-45

CNT Fiber

140

Nitric Acid Treated CNT Fiber

135

Sodium hypochlorite treated CNT Fiber

0-30

Table 5 Mean contact angle measurements for fiber coated scaffolds

After sodium hypochlorite-based bleach treatment, the contact angle
decreased significantly (Figure 16 C).
However, to have an additional measure of sterilization, in the keratinocyte
study, we introduced an autoclave step after the initial nitric acid treatment. The
autoclave step also makes the scaffolds extremely hydrophobic and contact angles of
the CNT-coated scaffolds go above 130° after the autoclave step. Such scaffolds are
treated with isopropanol to reintroduce some oxidation groups on the surface to
enhance the subsequent interaction with the bleach solution.
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In summary, sodium hypochlorite-based bleach, which can provide stable
surface hydrophilicity modification without considerable structural damage and
sterilization for cell growth applications was selected as the method of the choice for
wettability modification. The subsequent effect(s) of such sodium hypochlorite-based
bleach treatment on cell growth are discussed in chapter 2.

Surface Chemistry of Bleach treated CNT-CFC (XPS)
To analyze the chemical state of the bleach-treated CNT-coated scaffolds, we
performed XPS analysis which is represented in Figure 18 Analysis of the samples
was carried out by using duplicate samples, selecting multiple spots in each sample,
and optimizing the scan location for maximum output counts.
We first performed a semi-qualitative elemental analysis through a survey scan
(general scan) which gives a low-resolution outlook of all the surface elements through
XPS. The characteristic spectra for CNT-coated and uncoated CFC samples have
been published previously [32,59,62] and suggests the pristine samples have both
oxygen and carbon components on their surface (Figure 17 A). However, when coated
with CNT, the CNT-CFC only has carbon on its surface due to the nanotube formation
(Figure 17 B). Once the CNT-CFC sample gets treated with sodium hypochloritebased bleach, due to surface oxidation, we again see the characteristic peaks at 533
eV and 285 eV indicating the presence of oxygen and carbon, respectively (Figure
18). The survey scan suggests that the bleach-treated scaffold has carbon as its main
component and also has some amounts of oxygen on the surface. This is different
than the CNT-coated scaffold without functionalization [32,59,62], which only has
carbon and minimal traces of oxygen on the surface.
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To gain insights into the carbon and oxygen presence, we performed fine scans
of carbon as well as oxygen. Each fine scan represents a high-resolution step with a
small scanning step such as 0.1eV and multiple scans are averaged to increase the
signal-to-noise ratio.
C 1s fine scan (Figure 19) shows a characteristic carbon peak at 284.5 eV.
Carbon bonding patterns were understood by following the deconvolution step which
resolves different components within the element. The most prominent peak is at
284.5 eV. It can be attributed to the sp2 hybridization of carbon-carbon bonding in a
graphitic structure making up the carbon nanotube structure. The peak at 290.6 eV
represents the pi-pi peak and the second-largest peak at 285.2 eV represents the CCH sp3 hybridization and could be partly due to structural defects. Lastly, the peak at
286.8 is characteristic of the C-O/OH functionalization. This is a peak that is directly
associated with the oxygen functionalization and wettability of the material [62].
O 1s fine scan (Figure 20) reveals the oxygen 1s peak to be at 532.7 eV. Upon
deconvolution, two distinct peaks at 532.7 eV and 531 are identified. The predominant
peak at 532.7 indicates O/OH=C functionalization by the sodium hypochlorite
modification. The second peak at 531 eV could be indicative of the carbonyl C=O
bonding introduced by the surface oxidation.
It is already established that CNT-coated scaffolds prepared in our lab show
iron signal from the CVD preparation step due to the iron catalyst used [59]. We
identified that after nitric acid treatment, there are no iron catalyst particles left on the
surface of the CNT-coated scaffolds (Figure 18 and Figure 21) indicating that it can
be utilized for cell growth applications without metal catalyst toxicity-related
implications.
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Fine scans of chloride show that the sodium hypochlorite treatment does not
leave any unwanted chloride moieties on the surface (Figure 21) indicating the
washing steps resulted in effective rinsing and successful elimination of any remnant
surface chloride moieties
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Figure 17 Survey scan of CFC (A) and CNT-CFC (B).
Pristine CFC has both oxygen and carbon on its surface. However, the same fiber
cloth coated with CNTs has carbon as its only surface composition. Figure 17 reprinted
from “Hierarchical Hybrid Materials from Flexible Fabric Substrates” by Wang, W.
(2020).
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Figure 18 Survey scan of bleach treated CNT-CFC scaffold.
Survey scans were performed between 0-1000 eV binding energy range to identify
elements at the surface. The characteristic peaks at 533 eV and 285 eV represent the
presence of oxygen and carbon on the scaffold, respectively.
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Figure 19 XPS fine-scan spectra of C 1s after bleach treatment of CNT-CFC.
The most prominent peak at 284.5 eV is indicative of the sp2 hybridization of graphitic
carbon-carbon bonding. The second-largest peak at 285.2 eV represents the C-CH
sp3 hybridization and could be partly due to structural defects. The peak at 290.6 eV
represents the pi-pi satellite peak and the 286.8 eV peak is characteristic of the CO/OH functionalization and indicative of the wettability of the material.
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Figure 20 XPS fine-scan spectra of O 1s after bleach treatment of CNT-CFC.
The predominant peak at 532 represents O/OH=C functionalization by the sodium
hypochlorite modification. The second peak at 531 could be indicative of the carbonyl
C=O bonding introduced by the surface oxidation.
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Figure 21 XPS fine-scan spectra of Fe after nitric acid treatment (A) and Cl after
bleach treatment of CNT-coated CFC samples (B).
After nitric acid treatment, surface iron was removed and no surface iron was detected.
Any distinct peak for chloride was also not found indicating the washing steps resulted
in effective rinsing and successful elimination of any remnant surface chloride moieties
after sodium hypochlorite-based bleach treatment.
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Elemental Characterization
The elemental quantification of various scaffolds used in the study is shown in
Figure 22. EDS data was collected by using a probe current of 12 mA and an
accelerating voltage of 20 kV. The data from at least two different locations per sample
have been averaged and quantified in Figure 22. As evidenced from the XPS spectra
as well as from the EDS characterization, it is evident that the carbon nanotube
functionalization significantly enhances the carbon content on the surface and the
main surface element is carbon. From EDS, it can be observed that carbon atomic
level is close to 98% in CNT-coated scaffolds. CNT-coated samples also show
remnants of the iron (Fe) catalyst used in the production of CNTs. However, it is
expected as the CVD method employed in the preparation uses iron particles that are
internalized within the CNTs [82].
From Figure 22 (B) and (C), it is also apparent that the 1M nitric acid treatment
reduces the iron content on the surface which is consistent with our prediction as mild
nitric acid treatment removes remnant metal catalysts present on the surface. XPS
analysis (Figure 21) also suggested that there is no surface iron present on the CNTs,
meaning the EDS iron results mainly represent the internalized iron. The nitric acid
treatment even at 1M concentration could mildly oxidize the surface and the increased
oxygen content in the nitric acid scaffold could be due to that. The EDS analysis can
capture up to 2000nm of the sample depth. Since it captures a large depth of surface,
EDS may not represent accurate chemical state information, however, it provides
reliable atomic information of the outer surface. Thus, to understand the molecular
details of the surface chemistry of bleach treatment, XPS was utilized.
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Figure 22 Elemental composition of scaffolds (A) Carbon fiber cloth (B) CNTcoated carbon fiber cloth (CNT-CFC) and (C) CNT-coated carbon fiber cloth after
1M Nitric acid treatment (CNT-CFC N).
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EDS data was collected by using a probe current of 12 mA and an accelerating voltage
of 20 kV. Carbon nanotube coating introduces Si and Fe to the surface due to the
plasma deposition and catalyst particles. Once surfaces are treated with nitric acid,
surface iron content decreases.

59

1.4

Summary
In summary, we prepared different CNT-coated scaffolds by the floating

catalyst CVD method to be utilized for cell growth applications. We prepared the
carbon nanotube tailored carpets by coating CNTs on RVC foams with a 3D structure.
RVC foams are highly porous which allows them to have a very high surface area
(Figure 9). Various material properties of the surface of carbon foam scaffolds may
assist cell proliferation. For example, the surface of RVC foam has high surface
nanoroughness, which can affect biological interaction via adhesion and extracellular
matrix modifications. However, while these surface material properties are thought to
be important to the biological interaction between nanostructures and cells/tissues
(and specifically cell growth), the 3D structure of RVC foam cannot provide
directionality and may therefore be a limiting factor where cellular growth in a specific
direction is required. The unique macro-micro scale architecture between the
interconnected pores found in the carbon foam structures or the aligned fibrils within
the carbon fiber supports could also differentiate the cell-interaction potential for these
structures [83].
The aligned carbon fiber mats have a 2D structure, have high mechanical
strength, and are very flexible. These fiber mats have a multiscale hierarchy where
aligned fibrils form a parallel, multilayered band. Bands are then interwoven by other
fibrils (Figure 10 A3). Such layers are parallel and highly directional. These structures
alone and CNTs woven onto these structures can provide directionality to the growing
cells [42]. Besides, both CNT-coated RVC foam and CFC are electrically conductive,
which is an important material property for biological interactions with cells and tissues
responsive to electrical stimuli such as brain neurons and glia, cardiomyocytes, and
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osteocytes. CNT-coated foam and fiber scaffolds are also stable, easily functionalized,
and can be utilized as contrast agents [54,84]
We first characterized the CNT-coated scaffolds by scanning electron
microscopy and optimized two different lengths of CNTs bound to the fiber mats by
changing the duration of the floating catalyst CVD procedure. These surfaces were
termed ‘Short CNT’ and ‘Long CNT’ depending on their CNT length.
CNT-modified surfaces are superhydrophobic as the nanoroughness of the
structure enhances their inherent hydrophobicity. Water droplet when in contact with
such surfaces follows the Cassie–Baxter model where the presence of air pockets in
the surface may avert the droplet contact with the full surface. We utilized different
chemical functionalization as well as plasma treatment to change the surface
wettability to hydrophilic. We also identified that along with air annealing, such
hydrophilic surfaces could be reverted to superhydrophobic by autoclaving the
scaffolds. Sodium hypochlorite-based bleach treatment to modify the wettability of the
scaffolds was chosen due to their effectiveness, ease of use, potential to sterilize the
surfaces, and minimal risk to cause structural defects.
Sodium hypochlorite-based bleach-treated hydrophilic scaffolds can be
reverted to superhydrophobic by a single-step autoclave reaction. This reversible
wettability effect of CNT-coated scaffolds was observed initially in our lab by air
annealing where the scaffolds were treated with heat treatment at 110° for 3 hours
[62]. Similar to this, by using an autoclave, we can achieve the superhydrophobic
nature back. The reversible or switchable wettability of the scaffolds can be very useful
for oil-water separation [85], lab-on-chip devices [86], and microfluidic devices [87].
Such bleach-treated scaffolds were also checked for their surface chemistry
via X-ray Photoelectron Spectroscopy. The surfaces exhibited greater oxygen content
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on the surface compared to as produced CNT-CFC and showed a possible carbonyl
and O/OH=C functionalization with the sodium hypochlorite-based bleach treatment.
Finally, there were no residues of chloride and iron metal catalyst on bleach-treated
CNT scaffold and short CNT scaffold, respectively, indicative of successful treatment
steps.
From this study, RVC foam, CNT-coated RVC foam, aligned carbon fiber mats
(CFC), and Long CNT-coated aligned carbon fiber mats were chosen for the
glioblastoma study as the tumor interaction with such hierarchical 3D and 2D
structures could be crucial to understand the disease pathophysiology and to prepare
targeted chemotherapy containing scaffolds after tumor incision. For the keratinocyte
study and CFC, long and Short CNT-coated scaffolds were chosen due to their flexible
and flat nature to be potentially used in band-aid-like wound healing applications and
to understand the implication of length of CNTs in cell growth.
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Section 2: BIOSCAFFOLDING PROPERTIES:
INFLUENCE OF SURFACE TREATMENTS ON CELL
GROWTH
2.1

Introduction and Background: Cell Growth on Bioscaffolds
Tissue Engineering and Bioscaffolds
Tissue engineering is a very important part of regenerative medicine. It

generally involves three main elements: a scaffolding material, cells, and growth
factors [88]. The biomaterial market was at $106 billion in 2019 and is estimated to
triple by 2027 [89]. Various forms of bioengineered organs or tissues have been
developed to date and so far, the highest success ratios with patients have been
achieved in the skin [90], bone [91], bladder [92], and airway [93] based tissueengineered constructs. Cells are generally allowed to grow into the constructed
scaffolds and influence their microenvironment. The main aim and also the major
challenge with tissue engineering is to have the engineered tissue mimic the tissues
or organs the same way as it exists in nature.
One of the widely used approaches for tissue engineering is to use a matrix or
scaffold to support cell adhesion, proliferation, and Extracellular Matrix (ECM)
production and provide support to the growing tissue ultrastructure. Such material has
to be biocompatible, able to support waste and nutrient exchange, provide a suitable
surface for cell adhesion, cell growth, and ultimately tissue regeneration. The scaffold
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also has to be mechanically stable to be able to support tissue formation without
disintegration or breakage, at least until substantial ECM and growth and cellular
factors have been generated and it also needs to be of relevant geometry and size
[94]. Lastly, an ideal scaffold should also provide biological and surface cues to
support and maintain cell growth [95]. There are various classes of bioscaffolds based
on the materials used to produce them. It includes natural biological scaffolds,
synthetic polymer scaffolds, composite polymer scaffolds, and nano scaffold
materials.
Naturally occurring materials can be obtained from the natural source and then
processed to make scaffolds [96]. It can include materials in their natural forms such
as ECM or fundamental building blocks such as calcium phosphate or other molecules
such as proteins, polysaccharides, lipids. It also can lead to potential immunogenicity
as they are derived from natural sources and can be recognized as antigens [97]. To
mitigate that risk decellularized ECM-based scaffolds can be used as they are
processed from xenogenic or allogenic tissues [98]. The tissues are processed by
chemical, physical, and enzymatic methods to remove any present cellular residues.
Such scaffolds can also be produced as hybrid or composite scaffolds and are being
used in a wide variety of applications. Some of the applications include tissue
engineering for cartilage [99], cardiac [100], neuronal [101] regeneration applications.
The major limitations of such scaffolds are that they have to be restricted to simple
structures [98], cannot provide strong mechanical properties, and cannot be used for
load-bearing applications [102]. Lastly, their degradation rates are variable and difficult
to control [103].
Synthetic biodegradable polymer materials can be used as scaffolds for
structural robustness. Such synthetic polymers can also be better in terms of their
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immunogenicity. Their degradation rates can be easier to regulate than natural
polymer materials and their mechanical properties are also modifiable [104]. However,
they still pose a significant threat in terms of their potential cytocompatibility and
toxicity. The contents of synthetic scaffolds are variable and some are unknown [105].
Upon degradation, they also release toxic by-products increasing the toxicity and
associated risk [106]. Some synthetic scaffolds are also not very effective in promoting
differentiation as there are difficulties with cellular attachment on these synthetic
materials and some also increase chances of immune rejection [96,107,108].
Composite scaffold materials are made up of two different materials that can
incorporate favorable attributes from different materials. Such materials can be
combined to make a scaffold with preferred mechanical and structural properties and
cellular compatibility. For example, ceramics have been introduced to polymer
materials to give the scaffolds more mechanical robustness [109]. Although composite
scaffolds show a great promise due to their properties, they still possess constituents
not naturally present in the body and pose a significant threat in terms of their toxicity,
biocompatibility, and degradation properties [96].
There has been a growing trend in using nano-scaffold materials as they allow
detailed surface manipulation and allow for a hierarchical structure that can mimic
naturally available structures [110]. By choosing the right substrates as the structural
materials a hierarchical scaffold can be made that is tailored on both nano and micro
scales. This can lead to a functional replacement of the naturally found tissue and
desired properties characteristic of the tissues can be achieved [111,112]. Carbon
nanotube-based scaffolds are extensively being studied ever since their invention
[113] as they can undergo biodegradation [114], are biocompatible [115–117], can be
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functionalized with different growth factors and molecules [118,119], and have been
chosen in this study due to their unique surface properties.

Use of CNTs in Tissue Engineering
In the recent decade, CNTs have shown promise and have been extensively
tested as a biomaterial in tissue engineering applications because of their unique
properties. CNTs are relatively simple to manufacture and functionalize [120], easy to
sterilize, have exceptional strength and stiffness [121], elasticity [122], electrical
conductivity, and modifiable wettability [123]. Due to such unique properties, these
multiscale scaffolds from our lab have been successfully used as catalysts [124],
sensors [125], disinfection devices [60], thermal interface materials [21,64], and
bioscaffolds [65,66]. Alongside other applications, there has been a huge interest to
use CNT-containing materials for biomedical applications. Due to such properties, the
role of CNT has been already investigated in a variety of biomedical applications such
as drug delivery systems, gene therapy, biosensors, theragnostic applications,
orthopedics, and many more [4,8,27].
CNTs are easy to sterilize [126], they also provide exceptional strength and
stiffness to the material [121] and can also provide high elasticity [8]. Such attributes
can be leveraged to make a robust and flexible scaffold to provide structural
reinforcement for tissue engineering applications. This has been particularly useful for
designing scaffolds for bone regeneration applications [8,127]. By controlling CNT
functionalization, chances of graft vs host rejection can be significantly diminished and
CNTs can be used to make a non-immunogenic and biocompatible scaffold [115–117].
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Due to their smaller dimension, extensive surface area, and functionalizable
surfaces, CNTs provide more attachment sites for drugs, nanoparticles, and chemicals
and it is easier to form stable complexes of CNTs with drugs and small molecular
therapeutics such as siRNA to enter mammalian cells [118,119]. Hence, SingleWalled carbon nanotubes (SWCNT) and Multi-Walled carbon nanotubes (MWCNT)
have been identified as potential carriers for delivering therapeutics to cells for
targeted therapeutic applications. For example, Cirillo et al. checked the efficacy of
CNT-doped hydrogels for wound healing applications through the electrically tunable
release of curcumin and were successfully able to control drug release by a varying
voltage applied to the CNT containing hydrogels [128]. Additionally, targeted
doxorubicin delivery against gastric cancer cells was achieved using functionalized
carbon nanotubes [129].
Biophysical and biochemical stimuli are very important to guide cell alignment.
Carbon nanotubes have biophysical contact cues such as electrical conductivity,
surface topography, and nanoroughness. CNT can be easily tailored to alter or add a
chemical functional group on the surface that can influence their surface wettability
[123]. Concurrently, CNTs provide very high nanoroughness. Both wettability and
nanoroughness can influence how cell growth takes place on a material. Surface
nanoroughness plays an important role in cell adhesion on scaffolds [130,131]. The
surface wettability of CNT scaffolds is tailorable [51,78] and it can facilitate cell
adhesion and cell growth [66].
Due to their electrical conductivity, CNTs can be well suited for neuronal
applications and the Mattson group was one of the first to explore that potential where
they successfully used CNTs for neuronal growth applications [132]. Also, because
of its electrical conductivity, CNT-based scaffolds can direct cell growth, which is
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important for cell scaffold interaction [133]. For example, hierarchically aligned CNT
sheets not only were successful in directing the cell morphology but also were useful
for promoting the maturation of cardiac muscles of rats through electrical stimulation
and improved spontaneous beatings [134].
Due to their unique thermal properties, CNTs have been successfully
implemented to selectively induce cell death in cancerous cells by applying nearinfrared light and by resultant heat-mediated cytotoxicity [135]. The therapeutic
efficacy of CNTs for cancer treatment has also been checked by using SWCNT as
photosensitizers for photodynamic therapy [62]. These attributes can be exploited for
nanotherapeutics and toxic side effects of the drug cargo can be mitigated using
targeted drug delivery utilizing CNT-based systems. These properties can be very
useful for reconstructing tissues with physical and/or electrical complications due to
their electrical conductivity and structural cues.
Development in the field of nanotechnology has yielded innovative solutions
for mimicking the naturally observed hierarchical structures. Nanoscaled features can
be used to regulate and positively influence cell growth, migration, proliferation,
differentiation, and also to increase targeted drug delivery. A substantial amount of
work has already been done in the tissue engineering field using carbon nanotubes
as supporting material for cell growth applications due to their unique properties. For
example, the Lalwani group [136] compared PLGA (poly(lactic-co-glycolic acid)) alone
vs cross-linked SWCNTs/MWCNTs for mesenchymal stem cell growth in vitro and
found MWCNTs provided the maximum cell growth amongst all utilized materials. The
Akasaka group [137] found that CNT-coated cell culture plates provided better support
for osteoblastic growth compared to culture plates without nanotube coating. These
CNT supports have also been used in in vivo applications. MWCNTs have also been
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found to be very effective for bone regeneration. The Abarrategi group [138] and Hirata
et. al. [139] have analyzed the role of MWCNT supports for bone regeneration in mice
and rats, respectively. Both groups have demonstrated that for bone regeneration
applications, MWCNT scaffolds are substantially more effective than traditionally used
bio-scaffolds.
Free CNT has been known to cross cell membranes due to multiple reasons
including CNT length [119], hydrophobic nature [140], and chirality of CNTs [141]. Due
to these properties, along with their characteristic shape, free CNTs could get taken
up by adsorption [142] or by a ‘needle-like’ mechanism through cell membrane
piercing due to their characteristic shape [118,143]. Reports also suggest that
functionalized CNTs are excreted by urine (94%) and feces (6%) in mice [144].
According to recent reports using mouse models, CNT can be biodegraded through
enzymatic oxidation in vitro as well as in vivo by the myeloperoxidase (MPO) enzyme
[145–147]. There also have been reports suggesting that CNTs can be also degraded
by oxidation as well as by neutrophils and macrophages in vitro as well as in vivo
[145,148–152]. Despite such encouraging findings, the risk associated with the
exposure of CNTs is still unclear.

The Gap in Knowledge of Current Work and Potential Solution
Despite its unique advantages for regenerative medicine, the biggest limitation
with existing CNT-based studies is that free, detached, or disintegrated CNTs can also
cause in vitro and in vivo cytotoxicity [153–156]. Hence, using CNTs using
conventional approaches like using dried CNT suspension, coating, or doping the
substrate with loosely attached CNTs could cause substantial toxicity. Numerous
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studies have already identified that unconjugated or loose carbon nanotubes from
such systems may lead to detachment of CNTs and these loose CNTs can lead to
adverse effects on cell growth and promote cytotoxicity [72,157,158]. Also, metal
catalysts used in the synthesis of nanotubes have also been strongly linked with the
cytotoxic effects observed with the CNTs [159,160]. Certain parameters can be altered
to limit the toxicity of CNTs such as purity, functionalization, and the dimension of
CNTs; however, the overall toxicity associated with usage of CNTs can still be
unpredictable and often lead to adverse effects [72,157,158].
To combat these issues, in the Dr. Mukhopadhyay lab, we have covalently
bonded carpet-like arrays of CNTs to larger and more robust biocompatible carbon
substrates. The covalent bonds provide robust attachment and an overall hierarchical
solid that could provide the morphological and functional advantages of CNTs without
the in vivo toxicity risks due to dispersion or disassociation of CNTs from the scaffolds
[55]. These scaffolds are further processed by acid treatment to remove any metal
catalyst impurities to eliminate chances of potential cytotoxicity.
The multiscale hierarchical arrangement of a scaffold could be important as a
support for cell growth applications as cells also follow a similar multilayered structural
arrangement. However, till now, how covalently bonded CNTs on 2D and 3D scaffolds
would impact cell growth is not well understood. This will be one of the first studies
assessing the potential of using covalently CNT-coated scaffolds for evaluating
cytotoxicity, cell migration, and growth.
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Hierarchical Carbon Nanotube-coated Scaffolds
In this project, we have utilized functionalizable topological features and
extensive surface area of CNTs for tissue engineering applications while mitigating
the potential cytotoxic effects. This is done by covalently linking MWCNTs to
underlying carbon substrates. With such modification, we have created novel
hierarchical systems to utilize the unique advantages of the carbon nanotube-coated
materials as bio-mimetic scaffolds without the associated risks.
In the present study, we have carefully characterized the biological interactions
of cells utilizing two different hierarchical systems. To do this, based on their
architectural diversity, we have chosen two different base substrates: 1) reticulated
vitreous carbon (RVC) foams, which are 3D in shape and have a porous structure and
2) aligned carbon fiber mats, which are 2D, flat and flexible supporting materials. We
then modified these supports by growing covalently bonded carbon nanotube carpets.
The RVC foams and aligned carbon fiber mats are available in various morphologies,
so we can choose them according to the tissue characteristics.
Previous reports suggest that loose CNTs are susceptible to intracellular
uptake and are also highly toxic for cellular growth in multiple cell types [154–156,161].
The Mukhopadhyay lab has shown that the attachment of CNTs to a scaffold can
provide structural support and increased surface area such that cellular growth is
promoted without the toxic effects noted with loose CNTs [64]. So, unlike the previous
studies exploring the potential of CNTs for tissue regeneration applications, our
MWCNT carpets are covalently attached to foams/fibers, contributing to mechanical
strength and yet avoids any chances of detachment and its subsequent limitations.
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Also, in our lab, we have control over CNT length and density by controlling
the nano and micro features of the scaffolds. We can thus build a controlled multiscale
architecture by growing carbon nanotube carpets on highly directional carbon fibers
and highly porous carbon foams. This functionalization increases nanoroughness and
specific surface area by several orders of magnitude and allows for tailored wettability
through the attachment of functional molecular groups containing oxygen, halogen,
and selective proteins which are very important for material for their ability to support
cell growth. These CNT carpets also offer biocompatibility, permeability, high
mechanical strength, and increased nanoroughness [65,66] that can modulate and aid
cell attachment. Hence, we can customize the nano and micro-scaled features
according to the tissue of interest and use them as bioscaffolds.
This is one of the first studies where such CNT-coated hierarchical scaffolds
have been analyzed to evaluate their cell growth potential and the effects of their
surface functionalization are assessed to check their potential for tissue engineering
applications. We hypothesized that MWCNT-coated scaffolds are noncytotoxic,
biocompatible, and can effectively support cell growth and cell migration.

CNT-coated Hierarchical Materials for Cell Growth Applications
To test our hypothesis, we evaluated scaffolds for two different cell lines,
glioblastoma and keratinocyte cell lines In a previous study, these nanotube-coated
scaffolds were tested with multipotent progenitor cell lines which can further
transdifferentiate and nanoroughness was one of the critical factors regulating the
differentiation process [66]. In this study, we tested glioblastoma and keratinocyte cell
lines, which are already are in a differentiated state to determine the effects of carbon
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nanotubes and their surface functionalization on cell growth to understand whether
nanoroughness could still be a primary regulating factor for cell growth modulation.
The CNT-coated scaffolds prepared for this study due to their unique mechanical and
functionalization properties could be a very promising material for biomedical
engineering applications.

Glioblastoma and Current Approaches for GBM
Glioblastoma multiforme (GBM) is the highest grade (WHO grade IV) malignant
glioma with astrocytic cell features and accounts for more than 45% of all primary
malignant brain tumors. GBM is the leading cause of death among brain tumor
patients. A majority of GBM develop de novo (primary), while a small portion of
glioblastoma develops progressively from lower-grade astrocytoma (secondary) over
a clinical course of generally 5-10 years [162]. In addition, brain metastasis of other
types of cancers occurs in approximately 15% of all cancer patients [163]. For
example, brain metastasis occurs in 54% of lung adenocarcinoma patients [164,165].
There has been tremendous advancement in the diagnosis of this disease, but
little if any improvement has occurred concerning the development of treatment
options and improved morbidity [166]. Current therapies for GBM include surgical
resection, chemotherapy, and radiation treatments [167,168]; however, these
combined treatments have not proven to be effective at decreasing mortality rates,
and the tumor recurrence rate for GBM is about 90% at the tumor location [169].
Despite advances in surgery and radiotherapy, the survival of patients with
GBM has not significantly improved over the last 30 years. GBM patients survive an
average of 15 months, and fewer than 3% are living 5 years after diagnosis [170–173].
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There are several reasons for this high lethality. GBM cells are highly invasive, they
aggressively infiltrate nearby healthy tissues making complete surgical resection
impossible and giving recurrence a high likelihood. GBM also tends to be resistant to
many chemotherapies. Also, many chemotherapies do not permeate the blood-brain
barrier (BBB) in sufficient doses to contribute greatly to GBM patient recovery [170–
173].
While localized chemotherapy injections post-surgical resection have been
attempted, these therapies have not yet allowed for the slow-release, localized
treatment necessary to effectively treat this tumor. One therapeutic alternative is the
development of an implant that could utilize current nanomaterial properties that would
allow slow-release chemotherapy administration directly to post-surgical resection
sites.
The lack of curative options for GBM has motivated the field to explore and
develop new drug delivery systems. Chemical modifications to current therapeutics
utilizing nanocarriers have been explored to improve their ability to penetrate the brain
past the blood-brain barrier; however, the efficiency and dose delivery have not been
proven to reach therapeutic levels [167]. To bypass the BBB issues, several labs have
developed nanostructures such as liposomes, lipid nanoparticles, nanocapsules,
nanofibers, and hydrogel injectables that might provide a localized treatment option
post-surgical resection [168,169,174–176]; however, therapeutic efficacy has been
inadequate – possibly due to limitations in either the nanostructure and/or the
chemotherapeutic drug of choice.
Currently, the only drug approved for local treatment of brain tumors is
Gliadel®, a biodegradable carmustine wafer, that can be implanted post-surgical
resection [161]. However, while this treatment has proven effective in increasing
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patient life for 2–3 months [177,178], the wafer has several flaws. These failings
include: 1) the flat wafer design does not allow for tumor contact with the complete
implant surface; 2) the polyanhydride copolymer is designed to break down and
release encapsulated chemotherapy within the first few days and cannot be utilized
beyond this limited timeframe; and 3) the half-life of the chemotherapy utilized
(carmustine) is only 15 min, which is too short to treat highly migratory cells, such as
GBM [161,167]. Moreover, the most common and effective chemotherapies, such as
alkylating chemotherapy temozolomide (TMZ), have not been extensively studied for
localized therapy.

Potential of using CNT-coated Scaffolds for Glioblastoma
Although it has been well-established that the GBM tumors are resistant
against the existing treatments, the reason behind the resistance is still not well
studied. It is believed that the tumor microenvironment and ECM promote therapeutic
resistance, but the underlying mechanism is still poorly understood [179]. Plus, the
current therapeutic models do not provide the relevant microenvironment necessary
to maintain the active physiology of the GBM tumors [180]. Most of the studies
checking the migratory and invasive potential of these tumors are still being done on
a 2D surface, primarily with tissue culture plates. Knowing the tumor cell interaction
with the surrounding area is a critical step that is poorly understood [181]. While it is
well understood that the tumor interaction on a 3D surface is desired to have a
technical understanding of the disease, only a few approaches are being used to look
at the same [182,183]. Hence, it can be asserted that while the concept and potential
for using a nano-therapy for treatment of GBM post-surgical resection have been
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highly sought after; proper design, characterization, and testing will be needed before
deciding if it can be a potentially viable treatment option.
To address that, a scaffold that can provide a 3D surface for cells to interact
and maintain the physiological, as well as biochemical environment, could be a great
step forward for the field to understand the disease and for finding potential ways to
mitigate it [184]. Hence, knowledge from this study could give important considerations
for chemotherapy conjugated scaffolds aimed to be localized post-surgical resection
for GBM treatment.
Ideal scaffolds for this purpose should neither cause cytotoxicity nor increase
proliferation and/or migration of glioblastoma cells. In other words, any cytotoxicity
should be induced by the attached chemotherapeutic drug and not the scaffold
structure. An idyllic implant should also be stable, easy to sterilize, easily reproducible,
and non-immunogenic. As bioscaffolds, different CNT conjugated scaffolds have
already been examined for various applications and have the potential to fulfill all of
the above requirements.
While CNTs are very effective as tumor-targeting agents and for drug delivery
applications for tumors [185–187], the bio-interaction between CNT-coated 2D or 3D
hierarchical scaffolds and glioblastoma cells is unknown. Because of their unique
material properties, CNTs easily allow for alterations in functionalization, which will be
necessary for future therapeutic development for this cancer.

Wound Healing and Current Approaches
Skin is the largest organ in the body and is the first line of defense against
external insults. The skin protects our internal organs and tissues throughout our
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lifetime. The dermis also acts to control temperature and fluid balance; therefore,
wounds can increase the risk of infection and dehydration [188–190]. Since 2008,
approximately 5 million cases of traumatic injuries involving skin (accidents, burns,
firearms, intensive surgeries) are registered every year which causes a financial
burden of $25 billion annually in the USA [191]. The World Health Organization (WHO)
predicts that every year, over 300,000 deaths are linked to fire-related burns. In India
alone, over a million people are affected by burn-related injuries every year [192].
Such physical injuries and emotional trauma affect millions of people worldwide [193].
WHO also predicts that skin traumatic injuries will overtake heart disease and cancer
and become the primary cause of death by 2020 worldwide [188].

Wound Healing Process
Human skin mainly is formed of three layers: epidermis, dermis, and
hypodermis [194]. Epidermis is the outermost layer and consists of keratinocytes,
melanocytes, and epidermal stem cells [192]. The dermis has collagen ECM, elastin,
glycosaminoglycans (GAGs), and fibroblast cells. Apart from providing mechanical
properties, the dermis also provides sensory properties to the skin and has nerve
endings. Dermis also has sebaceous glands, hair follicles, and sweat glands [192].
The hypodermis is mainly comprised of adipose tissue.
Wound healing is a process that involves multiple cell types, vascular systems,
and various cytokines and growth factors. Four major phases take place and overlap
one another in wound healing.
Hemostasis is the initial stage when an injury happens. Blood and lymphatic
fluid outpouring occur, and coagulation pathways are activated, which are necessary
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to stop the flow of the blood. There is an initial cascade event of vasoconstriction
followed by vasodilation. This vasodilation, in turn, allows for the recruitment of white
blood cells and additional thrombocytes [195]. In the next step, the inflammation
phase, the newly recruited white blood cells and thrombocytes start releasing more
and more cytokines and expedite the inflammation. Platelet activation increases
histamine and serotonin secretion which increases vascular permeability. Increased
vascular permeability and angiogenesis allow for increased growth factors, cytokines,
and metabolites to reach the wound site [195]. Fibroblasts are also recruited in this
step which produces collagen, which provides scaffolding for the healing [196].
Inflammatory cells such as monocytes, neutrophils also get activated in this step.
Neutrophils play a major role in this step by removing the damaged cells, bacteria,
pathogens from the site [197]. This inflammation phase goes on for several days.
The proliferation stage begins and occurs throughout the wound healing
process. Fibroblasts begin to produce more collagen and stabilize the wound. In the
Re-epithelialization stage, basal and suprabasal keratinocytes migrate towards the
wound bed from the wound edge and periphery and start proliferating [198]. Due to
increased activation of dermal fibroblasts through growth factors, they also increase
their migration and proliferation at the wound site and secrete ECM proteins.
Fibroblasts then adopt a different phenotype, myofibroblast, and aid in wound
contraction, and physically start closing the wound [199,200]. This process can go on
for several weeks, depending on the wound. Maturation is the final maturation and
remodeling step that takes place, which strengthens the wound and can go on for a
year. Wound contraction peaks after week 3 [195]. The keratinocytes and fibroblasts
from the vicinity start the secretion of matrix metalloproteases (MMP), which degrades
the excess ECM and collagen. ECM also remodels to resemble the normal tissue
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[201]. Keratinocytes and fibroblasts play a key role in the different stages of the wound
healing process and have been evaluated in our study with the CNT-coated scaffolds
to assess whether the scaffolds can support cell growth and cell migration of
keratinocytes and fibroblasts.

Effects of Environmental Stressors on Wound Healing
Wound healing can be affected by multiple factors such as environment, diet,
medication, contamination and all these factors can affect the outcome of the skin
injury [202]. Environment plays a big role and it can expedite or defer the recovery
process [203–205]. The effect of environmental stressors on skin health is also one of
the topics that needs more attention [206]. So, in this study, we assessed the effects
of two major stressors UVB and TCDD on keratinocytes growing on scaffolds to check
if the CNTs can provide cytoprotection against the stressors.
TCDD and UVB have proven to aggravate wound healing and both act through
the AhR pathway [207–210]. It is shown that chronic AhR activation can promote skinrelated conditions such as premature aging, apoptosis, and carcinogenesis [211–214].
Constitutive activation of AhR in mice also causes inflammatory skin lesions [215].
Hence, in this study, we are focusing on two potent environmental stressors UVB and
TCDD that can directly affect skin proliferation, migration, and differentiation and
analyzing their effects in presence of the CNT-coated scaffolds.

2.1.10.1

Effects of TCDD on the Skin and Wound Healing

Skin wound healing is aggravated by environmental insults. 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) is a type of dioxin that is persistent in the
environment and gets produced when organic materials with chlorine are combusted
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[216]. Such events include natural events such as forest fires, Australian and
California wildfires, the byproduct of industrial processes, and medical waste
incineration. TCDD is a potent immunotoxicant [209,217] that enters the body through
the skin or ingestion of contaminated animal products and accumulates due to its
lipophilic nature. TCDD has a half-life of 2-4 weeks in rodents [218] but has a half-life
of around 7-11 years in humans [219,220] and it is resistant to metabolic breakdown.
TCDD is the most potent dioxin [208] and exerts its toxicity mostly through the
aryl hydrocarbon receptor (AhR) signaling pathway as a high-affinity exogenous ligand
of the AhR [208,209]. The AhR pathway activation induces the production of
xenobiotic-metabolizing enzymes [221]. AhR also regulates cell proliferation, cell
differentiation, and apoptosis [222,223].
Harmful effects of TCDD exposure are well-reported and can cause cancer
[224], immunosuppression and decreased resistance to infection [225,226],
developmental defects, and reproductive abnormalities [227]. As potent dioxin, the
effects of TCDD have been found as lethal and cytotoxic in animal studies [208,228].
Studies on the same hairless mouse models also show that TCDD disrupts the
epithelial cell differentiation process [229]. TCDD has also been linked to proinflammatory effects on the wounded tissue and shown to disrupt normal healing in
mice [230].
TCDD can halt the cell cycle and reduce the cells in G0/G1 perturbing the cell
cycle and slows down cell proliferation [231–233]. It also has adverse effects on the
pathology and physiology of human skin including skin lesions and reactions [230]. In
HaCaTs, commonly used immortalized keratinocytes, it has been shown that TCDD
can lead to a decrease in cell viability and apoptosis [231]. TCDD is also shown to
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decrease cell proliferation of HaCaTs, particularly at higher concentrations [231,234],
and slows down the cell migration during wound healing [235].
However, the effects of TCDD in studies involving skin are highly variable. For
instance, in some studies involving and primary keratinocytes [236] and immortalized
keratinocytes HaCaTs [237,238], TCDD did not slow down cell proliferation. In addition
to that, some studies also found that TCDD accelerates cell proliferation and
differentiation of primary human keratinocytes [239,240].
Hence, both in vivo and in vitro experiments show that ligand-dependent
activation of the AhR pathway through TCDD induces different and sometimes
conflicting effects on cell proliferation and differentiation. There is considerable
variation in effects dependent on cell type, tissue, and species. However, from the
evidence, we wanted to assess whether the TCDD causes a significant impact on
keratinocyte cell proliferation and migration and conducted experiments to analyze the
same.

2.1.10.2

Effect of UVB on Skin Cell Growth

The ultraviolet (UV) spectrum is divided into Ultraviolet A (315–400 nm),
Ultraviolet B (280–315 nm), and Ultraviolet C (200–280 nm) [241]. The shorter range
of radiations encompass more energy and also pose a great threat to stability to
unprotected organic materials. The most damaging solar radiations, UVC, and
extensive amounts of UVB are fortunately absorbed by the stratospheric ozone layer
in the atmosphere which blocks almost all wavelengths shorter than 310nm [242].
The UVA can penetrate the dermis of the skin and can produce reactive oxygen
species effectively causing skin aging and wrinkles [243,244]. However, UVA is not as
harmful as UVB in terms of its biological effects. The fraction of UVB that passes
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through the ozone layer can be absorbed by the epidermis and dermis [245]. Moderate
and regulated UVB exposure is required to produce vitamin D in the body and promote
health [246]. However, due to their shorter wavelengths, the fraction of the available
UVB is also enough to pose a threat by mediating photochemical damage.
Excess UVB exposure can also lead to dermatitis, inflammatory responses on
the skin, skin pigmentation, erythema, weakening of skin barriers [247,248]. In the skin
cells, UVB radiation also induces cell death, growth arrest, DNA damage, premature
skin aging, and skin cancer [249,250]. Due to their outermost cutaneous position,
keratinocytes are particularly vulnerable to UVB radiation. UVB also restricts
keratinocyte cell migration and has been shown to delay wound healing response in
vivo and in vitro [251].

Need for a New Implant Material for Wound Healing
Pressure wounds and burns can cause ulcerating lesions that do not close. In
these cases, normal cellular tissue regeneration and repair are insufficient. Current
therapies for these types of wounds lack both cosmetic satisfaction and functional
compatibility [252]. Such approaches include skin substitutes, wound cleaning,
infection control, and surgical dressings [191]. However, these therapies only treat the
symptoms and the surgical procedures are often complicated and can lead to
morbidity [253]. When insufficient donor skin is available, the cultured keratinocytes
have allowed for increased donor surface area than conventional methods [254].
Hence, in recent times skin grafts are being extensively studied in an attempt to close
these wounds [255]. While this practice can be successful in some circumstances,
current approaches to manufacture suitable scaffolds for skin-related injuries are
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suboptimal, and grafted skin typically leads to extensive scarring, immune rejection,
infection, slow healing and requires substantial post-operative care [192,256–258].
Improved understanding of skin wound healing has opened up a new avenue
in terms of preparing new scaffolds, implants, or materials that are cytocompatible as
well as cosmetically and functionally viable for skin regeneration. Recent biomedical
advances have made significant progress to address this concern by utilizing
engineered scaffolds upon which tissue can be artificially grown as a graft and/or
utilized as an anti-microbial surgical dressing for wound care. In theory, these skin
substitutes could provide faster, more natural healing with less scarring as compared
to standard surgical dressings and/or tissue grafts [259]. Chitosan and collagen are
the two most widely used materials used as bio-scaffolds for wound healing. Puracol
Plus® (Medline Industries), Fibracol Plus® (Systagenix), or BIOPAD® are collagenbased marketed scaffolds for wound healing, but they need to be typically replaced
after a few days which do not qualify them as typical scaffolds. Also, it has been argued
that a scaffold comprised solely of type I collagen is not enough to provide complete
regeneration [260–263]. Hydrogel based formulations, Tegagel™ (3M) and Vigilon®
(CR Bard), Xelma® (Mölnlycke Health Care), silicone-based formulations, Integra™
(Integra Life Sciences) and Biobrane® (Smith & Nephew) and natural ECM scaffolds,
Matristem®, Primatrix™ (TEI Biosciences), Alloderm® (Lifecell), GraftJacket® (Wright
Medical Technology), and DermaMatrix™ (Synthes) have been reported to be
effective in treating radiation wounds, venous ulcers, open pilonidal wounds, acute
full-thickness wounds, and chronic wounds, due to diabetes [193,264–266]. Although
these scaffolds have the supreme advantage of faster repair rate and better tissue
remodeling, they are far from being generalized bio-scaffolds for wound healing due
to their limitations in effectiveness in varied wound types, handling, preparation,
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sterilization, and shelf life [267]. Clinical studies on these bio-scaffolds showed
promising results, however many of them are not translatable to real-world
applications. Thus, the need for stable and better bio-scaffold arises for wound healing
and related treatment [268].
The CNT-coated scaffolds due to their unique properties can be a great fit as
wound healing scaffolds, which can potentially address the limitations of the existing
implant materials. CNTs provide advantages over other materials in terms of tissue
biocompatibility, immune compatibility, cell adhesion (due to nano-roughness and
wettability) [130,131], and ease of modification (i.e. ability to chemically ‘functionalize’
for possible drug delivery) [269]. CNTs have also been implicated as being beneficial
in cell growth applications of many cell types including epithelial keratinocytes
[270,271]. Three-dimensional structures have been shown to support and maintain
normal proliferation while the healing progresses [272] and CNT-coated scaffolds due
to their hierarchical nature could be very effective at wound healing applications.
The CNT-coated scaffolds used in this study have been used as excellent
adsorbents of aromatic compounds [61] and are also extremely lipophilic structures
[63]. The adsorption capacity of a structure is directly proportional to the surface area
and carbon nanotube-coated scaffolds due to its substantially large surface area could
potentially negate the potentially adverse effects of TCDD. Carbon nanotubes have
also been shown very effective to block UV rays, including UVB rays, and have been
tested in sunscreen applications against UV radiation [273]. Hence, in aiding the cell
growth of keratinocytes and supporting wound healing, CNT-coated scaffolds can also
minimize the effects of environmental stressors, and the effectiveness of such
scaffolds is checked in this study.

84

Thus, the objective of the keratinocyte study was to assess cell proliferation
and cell migration of keratinocytes on the CNT-coated scaffolds and to check the
viability of the scaffolds as future wound healing scaffolds. In addition to that, we also
focused on checking the cell growth of keratinocytes on the scaffolds in presence of
environmental stressors such as UVB and TCDD to check their potential
cytoprotective impact.

Immune Response and Bioscaffolds
The immune response can be broadly categorized into the innate immune
response and the adaptive immune response. The innate immune system is also
termed as the first line of defense. It will protect against foreign bodies and pathogens
through physical barriers such as skin and chemical barriers such as saliva. An innate
response against foreign pathogens that evades such barriers will be done through
recognition of these elements as non-self materials and by internal defenses, which
will involve inflammatory response, complement proteins, phagocytic cells, and natural
killer cells [274]. Both innate and adaptive immune responses are dependent on white
blood cell activities [274]. There are five major types of white blood cells or leukocytes:
lymphocytes, neutrophils, monocytes, eosinophils, and basophils.
A wide range of cells are found in the innate immune system, such as
polymorphonuclear

cells

such

as

eosinophils,

neutrophils,

and

basophils,

mononuclear phagocyte cells such as monocytes, macrophages, and dendritic cells,
and lymphocytes such as natural killer cells; while T and B lymphocytes mediate the
adaptive immunity.
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Adaptive immunity can be categorized into cell-mediated and humoral
immunity. Cell-mediated immunity is carried out by T cells. T cells are a type of white
blood cells. They originate from bone marrow and move to the thymus for maturation.
After leaving the thymus, T cells continue to mature. Different T cells play different
roles in the immune system. T cells can mainly be categorized into T helper cells
(CD4+) and cytotoxic T (CD8+) cells. All T cells are activated by recognizing antigen
present on either major histocompatibility complex (MHC) I or II on other cells.
Recognition of MHC I results in activation of the CD8+ T cells into effector T cells or
cytotoxic T cells, which are directly able to recognize foreign antigens such as
pathogens and viruses. Such T cells can also proliferate and differentiate the effector
cytotoxic T cells which can kill the antigens. These CD8+ T cells can also recruit other
cells to bolster the immune response against the antigen. The T helper cells or CD4+
T cells recognize MHC II cells on antigen-presenting cells and get activated. Activated
T helper cells can provide an adaptive immune response against the specific antigen
and also makes long-lived memory cells in the case when the same pathogen attacks
again.
B cells also a type of white blood cells. They are derived from hematopoietic
stem cells (HSC) and they originate and mature in the bone marrow. B cells mediate
humoral immunity through antibody secretion. B cell recognizes antigen through B cell
receptors (BCR) present on their cell membrane and they produce antibodies against
the same.
B cell antigens can be categorized into thymus-independent (TI) and thymusdependent (TD) antigens. TI antigens are enough to promote B-cell stimulation and
for proliferation and differentiation of B-cells. Alternatively, some antigens require
cooperative assistance from B cells and T helper cells to stimulate an antibody
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response. Such antigens are called Thymus-Dependent (TD) Antigens. A wide variety
of antigens are TD antigens. B cells internalize and present the TD antigen to a helper
T cell via MHC II molecules. This leads to subsequent expression of CD40L on the T
cell surface, which then, in turn, interacts with the CD40 receptor of the B cells. The T
helper cells also increase secretion of IL-4 which triggers B cell proliferation and
differentiation and turn them into plasma cells.
Plasma B cells are terminally differentiated and able to uniquely trigger
antibody production against a specific antigen. Memory B cells stay in systemic
circulation and can only get activated once they encounter their specific antigen. In
the case of reinfection with the same antigen, the memory T cells generate a profound
antibody response that has more affinity for the antigen than the primary antibodies
and the amount of antibodies secreted are also substantially more than the primary
response [275,276].
If a foreign scaffold is implanted, the innate immune response will be the first
to react. Once the object or implant has been recognized as non-self or foreign, the
succeeding adaptive immune reaction will take place which is governed by effector
cells, which is specific to the type of the antigens and could potentially lead to implant
rejection. The initial studies checking the immune response of external materials
characterized the macrophage fusion around the scaffolds to understand the impact
of foreign materials on immune function [277,278]. Shortly after that, a study involving
a cage implant revealed that foreign body reaction involving scaffolds involves
polymorphonuclear cells (mainly neutrophils) as well as lymphocyte involvement
besides the monocyte/macrophage response [279]. Now, it is established that
biomaterials can induce stimulation of innate [280–282] as well as adaptive immunity
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[283–285]. In this study, we focused on understanding the B-cell lymphocyte function
to assess the effect of the scaffolds on immune function.
Various immune cells and their cytokine secretion also regulates the wound
healing process. For example, IL-4 has been deemed as proliferative and aids liver
and skin regeneration [286,287]. So, in this study, we examined whether the scaffolds
alter the inherent cytokine response of the keratinocyte cells as well as immune cells.
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2.2

Materials and Methods
Chemicals and Reagents
TCDD (308 μM) dissolved in 100% DMSO was purchased from AccuStandard,

Inc. DMSO was purchased from Sigma Aldrich. For the B-cell stimulation study,
Human interleukin-4 (IL-4) was purchased from Cell Signaling Technology, Inc, and
human recombinant CD40 ligand (MEGACD40L®) was purchased from Enzo Life
Sciences. For all UVB studies, Philips TL 20W/12 RS SLV/25 light in Dr. Jeffery
Travers’ Lab at Wright State University was used.

Cell Culture and Cell Seeding on Scaffolds
The U-87MG cell line is derived from a female patient in 1968 [288], has been
previously characterized [289], and commonly used cell line for studying glioblastoma
[290,291]. Human Glioblastoma cells (U-87MG) were purchased from ATCC (ATCC®
HTB14™). Cells were maintained in Eagle's Minimal Essential Medium (EMEM;
ATCC, USA), supplemented with 10% Fetal Bovine Serum (FBS; Corning, USA) and
1% penicillin/streptomycin (PenStrep; Gibco, USA). Cells were maintained at 80–90%
confluence, split with 0.05% Trypsin-EDTA (Gibco, USA), and the media changed
twice a week.
The HaCaT cell line is a spontaneously immortalized keratinocyte cell line that
was first isolated from a male epidermis [292]. HaCaT has been further characterized
[293] and is a commonly used cell line in skin research [3,4]. Immortalized
keratinocytes (HaCaT) were supplied by Dr. Jeffrey Travers at Wright State University.
Telomerase-immortalized, normal human foreskin fibroblasts (NHF1) were supplied

89

by Dr. Mike Kemp at Wright State University and were originally obtained from Dr.
William Kaufmann from the University of North Carolina. NHF1 cells were first derived
from a neonatal foreskin [294] and immortalized by the ectopic expression of the
catalytic subunit of telomerase [295]. Cells were maintained in HyClone Dulbecco's
Modified Eagle Medium supplemented with high glucose (DMEM; GE Healthcare Life
Sciences), supplemented with 10% Fetal Bovine Serum (FBS; corning), 1% LGlutamine (200 mM; Gibco), and 1% Antibiotic-Antimycotic (Gibco). Both cell lines
were maintained at ~80% confluence. HaCaTs were split with 0.025% Trypsin-EDTA
(0.25%; Gibco) and NHF1s were split using 0.05% Trypsin-EDTA (Gibco, USA). Fresh
culture media was provided every 48 hours.
For B-cells, suspension cell lines CL-01 cells, and SKW 6.4 cells were used.
These cells are derived from different Burkitt lymphoma patients and are EBVtransformed cell lines. CL-01 cells express surface IgM and IgD and can undergo class
switch recombination upon stimulation [296], this cell line is further characterized [297]
and was purchased from Novus Biologicals. SKW 6.4 (SKW WT) cells were derived
originally from the Daudi B-cell line [298]. SKW 6.4 cells express surface IgM and have
been previously characterized [299,300] and purchased from ATCC (ATCC® TIB215™). Both cell lines were maintained in RPMI complete media prepared by RPMI
1640 (HyClone, GE) supplemented with 10% bovine calf serum (Thermo Fisher
Laboratories), 13.5 mM HEPES (Sigma), 1.0 mM non-essential amino acids (Corning
Cellgro), 1.0 mM sodium pyruvate (Corning Cellgro) and 50μM 2-mercaptoethanol
(Fisher) and pH was adjusted using filter-sterilized 1N NaOH. The media was changed
every 3 days. CL-01s were maintained around 1x105 cells/ml to 3x105 cells/ml and
SKWs were maintained around 2x105 cells/ml to 1x106 cells/ml. For all experiments
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except for the glioma study, all cell lines used were incubated under the same
conditions and maintained at 37°C in a humidified 5% CO2 environment.

Surface Treatments of CNT-coated Scaffolds and Cell Seeding
For the glioblastoma study, all cylindrical foam (0.5 cm height, 0.5 cm diameter)
or carbon fiber (1 cm × 1 cm) supports with (CNT-coated) or without (pristine) carbon
nanotube functionalization were treated with 1M nitric acid at room temperature to
remove metal impurities and amorphous carbon. This nitric acid treatment also
oxidizes the surface and makes it hydrophilic without destruction of the CNT structure
[301,302]. Samples were then transferred to sterile 96-well or 24-well tissue culture
plates (foam and fibers, respectively) and were sterilized via ultraviolet (UV) light
irradiation for 1 hour in 70% isopropanol. These scaffolds are hydrophobic. For
hydrophilicity modification, scaffolds were incubated for 1 hour with 10% sodium
hypochlorite-based bleach at 25°C, washed multiple times with deionized (DI) water,
and then transferred to sterile tissue culture plates before ultraviolet light treatment.
Once air-dried, U87MG cells were seeded at respective densities (96-well: 5×103
cells/well; 24-well: 2.5×104 cells/well, 12-well: 5×104 cells/well) and allowed to grow
on the nanomaterial for 1 day, 3 days, 7 days, or 14 days.
For the second part of the study involving keratinocytes, fibroblasts, and Bcells, we used carbon fiber supports with (CNT-coated) or without (CFC) carbon
nanotube functionalization. For CNT-coated scaffolds, we used Short CNT-coated
hydrophobic scaffolds, Short CNT-coated hydrophilic scaffolds, Long CNT-coated
hydrophobic scaffolds, and Long CNT-coated hydrophilic scaffolds. All scaffolds were
pre-treated with methanol, 1M nitric acid followed by treatment with 70% ethanol.
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When the scaffolds were completely dried, they were autoclaved for 30 minutes at
121°C followed by incubation in 70% isopropanol treatment. After autoclave treatment,
all scaffolds remain hydrophobic. For hydrophilicity modification, scaffolds were
incubated for 1 hour with 10% sodium hypochlorite-based bleach and subsequently
washed with autoclaved DI water. Once dried, all the hydrophilic scaffolds were also
pre-wetted overnight by complete media to aid cell attachment [303].
Both adherent cell lines, HaCaTs and NHF1s were seeded in the form of a 100150μl concentrated cell suspension on top of the scaffold surface. The scaffolds were
then incubated for 4 hours for allowing cellular attachment. After 4 hours, culture media
was added to the plates. We used seeding densities of 5 x 104 cells/well for 12-well
plates, 2.5 x 104 cells/well for 24-well plates, 0.5 x 104 cells/well for 24-well plates, and
1.5 x 105 cells/plate for 35mm2 plates unless otherwise mentioned. To understand how
suspension cells interact with CNT-coated scaffolds, SKW and CL-01 cells were first
seeded in 12-well plates at 2 x 104 cells and 1 x105 cells in a 2 ml suspension,
respectively. After 24 hours, scaffolds were introduced to each well. For experiments
lasting longer than 4 days, cells along with scaffolds were transferred to 6-well plates.
In those wells, additional 2ml culture media was added to the wells on days 5 and day
7 to avoid higher cell concentrations which can induce cell-cell activation and also cell
death [304].

Immunofluorescence
To visualize GBM cells for morphology, nano-interaction, and cell counts,
immunofluorescence was performed. The cells were grown for 1, 3, 7, or 14 days,
washed 3 times with cold PBS, then fixed in 4% paraformaldehyde. The cells were
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then washed 3 times with PBS and blocked/permeabilized at room temperature with
5% normal rabbit serum in PBS for 30 min with 0.2% Triton X-100. The primary
antibody, rabbit Glial Fibrillary Acidic Protein (GFAP, 1:500, Dako North America), was
incubated overnight at 4°C. All scaffolds were then washed 3 times with PBS and
incubated for 1 hour with a secondary antibody (Alexa Fluor 488-conjugated donkey
anti-rabbit IgG, 1:300; Jackson Immunoresearch Laboratories, Inc., USA) at room
temperature in the dark. GFAP intermediate filament was chosen as a differential
marker for U87MG cell lines as it is highly expressed in astrocytes, the original cell
type for glioblastoma tumors, and has been widely used for U87MG cell studies
[54,305]. Cell nuclei were stained using 4’,6-diamidino-2-phenylindole (DAPI). Images
were captured using an AMEFC4300 EVOS fluorescent color inverted microscope.

Elution Test
SWF used in the study was made according to the formula by Bradford et al.
[306]. Briefly, 0.1M sodium chloride, 40mM sodium hydrogen carbonate, 4mM
potassium chloride, 2.5mM calcium chloride, and 3% bovine albumin were added in
100 mL deionized water to prepare SWF. To prepare the extracts for the elution test,
we incubated the scaffolds in simulated wound fluid (SWF) for 14 days. These
prepared extracts were first checked for their pH and further diluted to 25%, 50%, and
75% in the complete cell culture media as well as quiescent cell culture media.
Briefly, for the elution test, the HaCaTs were first grown in 96 wells until they
were confluent. Immediately after that, they were incubated for 3 days in the presence
of extracts prepared from the scaffolds in complete media or quiescent media.
Quiescent cells were prepared by incubating confluent cells with quiescent media (1%
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FBS) for 24 hours [307]. Cell growth was assessed visually by microscopy, and the
cytotoxicity was measured with CytoTox-ONE™ Homogeneous Membrane Integrity
Assay (Promega). This assay measures LDH from cells with a damaged membrane.
When the cells are undergoing apoptosis, necrosis, or any other form of damage, the
plasma membrane gets damaged. This, in turn, releases LDH in the cell culture
supernatant which can be analyzed by quantifying amounts of resorufin from resazurin
in the assay. The amounts of produced resorufin are proportional to the amount of
LDH released in the media and can give an estimation of cytotoxicity generated by
external factors. The LDH assay is a commonly used technique for cytotoxicity
assessment [308,309].
LDH assay was performed according to manufacturer instructions on days 1
and 3 after elution treatment. Briefly, equal volumes of cell supernatant were mixed
with the prepared lactate dehydrogenase (LDH) reaction mixture and incubated for 15
mins. The suspension was quickly mixed with the stop solution and fluorescence was
measured at 560nm/590nm. Positive cytotoxic controls were prepared by adding the
lysis solution to control cells.

Scanning Electron Microscopy (SEM)
In this experiment, we used scanning electron microscopy (SEM) to check the
effect CNTs on keratinocyte cell growth and attachment. HaCaTs were grown on 1 cm
× 1 cm scaffolds placed in 12-well plates. Cells were grown for 3 days and 7 days.
The cells were then washed twice with PBS and fixed using 4% paraformaldehyde for
1 hour. Scaffolds were then washed twice with PBS for 10 minutes followed by 10minute ethanol dehydration treatments in increasing concentrations: 25%, 50%, 75%,
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95%, 100%. The purpose of the gradual dehydration steps is to preserve the structure
of cells to be visualized under vacuum and it is a commonly used technique when
performing SEM with biological samples [310,311]. Scaffolds were then air-dried and
sputter-coated with gold particles [310,311] for 10 seconds to make the samples
electrically conductive, improve the signal-to-noise ratio and protect samples from the
heating effect of the electron beam. Samples were finally visualized on SEM using ~3
kV accelerating voltage and a working distance of ~8 mm.

UVB and TCDD Treatment
To determine the toxicity and antiproliferative effects of UVB on cell number
and viability, we seeded HaCaT cells on 35mm2 plates, cultured them for 24 hours for
cell attachment, and treated them with varying doses of UVB. Prior to UVB treatment,
we removed the culture media from the plates as it can induce toxicity with the UVB
treatment [312] and added 400μl of PBS to avoid drying of cells. The lids were also
removed before UVB exposure to ensure the cells are directly exposed to the UVB
and none of the radiation is blocked in the process. Immediately after treatment, we
washed cells two times with PBS and added 2ml complete media to each 35mm2 plate.
For the TCDD study, after allowing 24 hours for cell attachment, the
keratinocytes were then treated with complete media with 30nM TCDD (treatment
group) or 0.01% DMSO (vehicle group), respectively. For cell number assessment,
cells were trypsinized with 0.25% Trypsin-EDTA and counted on Vi-Cell cell Counter
(Beckman Coulter).
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Cell Proliferation
Cell proliferation while growing on various carbon scaffolds was determined
using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay kit (Promega).
In this assay, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2H tetrazolium
(MTS) is bio-reduced into a formazan product by dehydrogenase enzymes, which are
active in living cells. Sample blanks were prepared using culture media with or without
scaffolds and without any cells. After the cells were grown for the appropriate duration,
samples were washed twice with PBS before being incubated in MTS colorimetric
reagent.
The incubation time of the MTS reagent with U87MG and HaCaT was 3 and
1.5 hours, respectively. After the incubation, 100μl of the solution was transferred to a
96-well plate, and absorbance was measured at 490 nm using a BioTek Synergy H1
hybrid multi-mode fluorescence microplate reader. Cell proliferation was expressed as
(ODtest – ODblank) and represented as OD values for glioblastoma study and cell control
normalized values were presented for the keratinocyte study. Cell culture media was
replaced every two days.

DNA Quantification
DNA concentrations were measured using Quant-iT™ PicoGreen® dsDNA
Reagent (Thermo Fisher, USA). PicoGreen binds to dsDNA and forms a luminescent
complex and gives an estimation of the DNA content present in the cell lysate.
Picogreen assay for DNA quantification is a commonly used technique to estimate cell
proliferation on biomaterials [313,314]. After the cells were grown for 1 day, 3 days, 7
days, or 14 days on scaffolds in 12 well plates, samples were washed twice with PBS
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and stored in lysis buffer at −80 °C overnight. Samples were then thawed,
homogenized, and centrifuged. DNA quantification was done according to the
manufacturer's protocol. DNA standard provided in the kit was used as a positive
control and culture media without cells was used as a negative control. Fluorescence
intensity was measured at an excitation wavelength of 480 nm and an emission
wavelength of 520 nm using a BioTek Synergy H1 hybrid multi-mode fluorescence
microplate reader.

Cytotoxicity Analysis
To check whether the scaffolds contributed to cytotoxicity on growing
keratinocytes, we performed cytotoxicity analysis using LDH on HaCaTs grown on
different bioscaffolds on days 1, 3, and 5. At each time point, plates were first
incubated at room temperature for 20 minutes, the supernatant was collected and
mixed with an equal volume of LDH assay reagent mix according to manufacturer
instructions. After 15 minutes of incubation, stop solution was added to stop the
reaction, and fluorescence was measured at 560nm/590nm. For positive controls, to
account for the maximum possible LDH release, cells were lysed using the LDH
positive control.

Cell Labeling
When noted, cells were stained with cell tracking dyes, CellTracker™ Red
CMTPX, or CellTrace™ CFSE using the manufacturer’s instructions. Briefly, for
labeling, the cells were trypsinized, counted and the cell suspension was centrifuged.
The pellet was resuspended in PBS with appropriate dye staining solution and cells
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were incubated in the dark for either 15 minutes (CMTPX, CFSE) and mixed with an
equal volume of complete culture media. After 15 minutes of incubation, the
suspension was again centrifuged, pellets were resuspended in the complete media,
and plating was performed. For calcein-AM staining, cells were incubated with calceinAM green (Thermo Fisher) for 1.5 hours. For fixing cells with paraformaldehyde, cells
were first washed 2 times with PBS and incubated with 4% paraformaldehyde for 1
hour. For nuclear staining, cells were first washed 2 times with PBS and stained with
4’,6-diamidino-2-phenylindole (DAPI) for 10 minutes.

Cell Migration from CNT-coated Scaffolds
2.2.12.1.1

Assessing Intrascaffold Cellular Migration

To understand if the cells can migrate within the scaffolds, we cut 3 cm x 1 cm
CNT-coated scaffolds into three 1 cm x 1 cm scaffolds to ensure that the scaffolds
could have a compatible planar alignment. We then transferred two scaffolds to wells
of a 12-well plate and seeded 0.25×106 cells/scaffold. After 24 hours, the scaffolds
were transferred to a 100mm cell culture plate and aligned so as the unseeded scaffold
stays in the center and the pre-seeded scaffolds will be adjacent to the center scaffold.
We incubated the plate for 3 days and then transferred the scaffolds to a 12-well plate.
The scaffolds were then washed 3X with 1X PBS, fixed with 4% paraformaldehyde for
1 hour, and cell nuclei were stained using DAPI. Images were captured using an
AMEFC4300 EVOS™ Digital Color Fluorescence Microscope.
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2.2.12.1.2

Modified Scratch Wound Assay

To understand the role of the CNT-coated scaffolds in wound healing, we first
used a modified scratch wound assay which was quite similar to a traditional scratch
wound method. We first seeded 0.25×106 or 0.125×106 HaCaTs in a 12 or 24 well
plate, respectively, and allowed them to become confluent. Once confluent, a vertical
scratch was made using a 200ul pipet tip and a pre-seeded scaffold with Red CMTPX
fluorescent dye loaded HaCaTs (0.25×106 for 12 well or 0.125×106 for 24 well) was
placed on top of the scratch. The scratch plates were then incubated for 48 or 72 hours
and image analysis was performed using BioTek Cytation5 or AMEFC4300 EVOS™.
2.2.12.1.3

Cell Migration assay using PDMS Cell barriers

In this experiment, we prepared and used PDMS cell barriers to block the
center of the 35mm plates similar to the Oris™ Cell Migration Assay platform which is
traditionally used to perform barrier-based migration assays in 96 well plates
[315,316]. The PDMS barriers were provided by Dr. Tyler Nelson at WPAFB. The
barriers were cut to be 10mm in diameter and were treated with 70% ethanol for
sterilization. They were then placed in the center of 35mm plates to block cell growth
in the region. HaCaTs were first treated with CMTPX fluorescent dye and seeded at
0.6×106 cells/plate. At the same time, HaCaTs were seeded on the 35mm plates,
1×106 cells were also seeded on the scaffolds. The cells seeded on the scaffolds were
treated with CFSE green fluorescent dye. Once the center barriers were removed, the
scaffolds were placed in the center and the plates were incubated for 3 days. After the
end of the incubation, scaffolds were transferred to a fresh plate. Both plates were
washed 3X with 1X PBS, fixed with 4% paraformaldehyde, and observed under
Olympus BX51.
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2.2.12.1.4

Cell Migration From and Towards CNT-coated Scaffolds

To understand the cell migration from the scaffolds, all the carbon bioscaffolds
used in the study were placed in a 12-well plate and seeded with 1×106 cells/scaffold
for HaCaTs and 0.5×106 cells/scaffold for NHF1 cells. After 24 hour incubation, the
scaffolds were then washed with 2X PBS and transferred to an empty well, and fresh
media was added to the scaffolds. The cells were allowed to proliferate on the
scaffolds for up to 10 days and cell migration towards the empty plate was observed
to understand how keratinocytes and fibroblasts migrate from the scaffolds. To
analyze cell migration towards the scaffolds, 0.75×105 NHF1 or 1.5×106 HaCaT cells
were seeded per well in 12-well plates, and 24 hour after incubation, scaffolds were
placed in the wells with pre-seeded cells. The scaffolds were removed on day 5 and
stained with calcein-AM, fixed with 4% paraformaldehyde, stained with DAPI, and
visualized under AMEFC4300 EVOS™ microscope.

Photodynamic Therapy (PDT)
HaCaTs were seeded in a 35mm plate at 0.15×106 cells/plate. Once the cells
were near confluent, they were treated with PDT as previously described [317]. Briefly,
cells were first treated with a photosensitizing agent, 5-Aminolevulinic acid
hydrochloride (5-ALA) for 4 hours in the dark. It was then removed and replenished by
a mixture of Hank's balanced salt solution (HBSS, Sigma Aldrich) and 1.5mM Bovine
Serum Albumin solution (BSA, Millipore Sigma). For the scaffold groups, 1 cm × 1 cm
scaffolds were placed in the center, and cells were then treated with blue light (415
nm) at 20 J/cm2 doses in Dr. Jeffery Travers’ Lab at Wright State University. Scaffolds
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were then removed, cells were washed with 2X PBS to remove the dead cells, and
then trypsinized and counted on the Vi-Cell cell counter.

Cytokine Analysis
The inflammatory cytokine profile was analyzed by Dr. Tyler Nelson's lab at
WPAFB. Briefly, cytokines were measure in cell culture supernatants of HaCaTs
grown for 5 days on the scaffolds as well as SKW and CL-01 cells grown in presence
of the scaffold for 4 days by using a 25-Plex Human ProcartaPlex™ Panel 1B
(Invitrogen). The reads were performed using a Luminex FLEXMAP 3D® System. The
heatmaps were generated using Prism 8.r

Sandwich Enzyme-linked Immunosorbent Assay (ELISA)
ELISA was performed as described previously [318] to measure IgM and IgG
secretion from B cell lines. For analyzing antibody secretion, the cell suspension was
collected, centrifuged at 680xg for 5 minutes and the supernatant was stored at -80°C
for later ELISA analysis. Briefly, 96-well ELISA plates were coated with 100 μl/well of
capture antibody and incubated overnight at 4°C. For IgG capture antibody, goat antihuman IgG Fc (Abcam ab97221) was used at 1:500 and for IgM capture, Goat AntiHuman Ig-UNLB (SouthernBiotech, 2010-01) was used at 1:1500. Dilutions were
made using 0.1M sodium carbonate bicarbonate buffer, pH 9.6. Following the
overnight incubation, plates were washed twice with 1X PBS + 0.05% Tween-20 and
thrice with ddH2O and then blocked by adding a blocking solution of 1X PBS + 3%
Bovine Serum Albumin (BSA, Millipore Sigma). Blocking solution (200 μl) was added
to all the wells and plates were either left overnight at 4°C or for 2 hours at room
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temperature. Plates were again washed twice with 1X PBS + 0.05% Tween-20 and
thrice with ddH2O.
Standards for IgG and IgM were diluted in RPMI complete media and 100 μl of
standards were added to the plates. IgG standard was purchased from Bethyl
Laboratories (A80-105) and IgM antibody was purchased from SouthernBiotech
(0158L-01). The concentration range used for IgG standard curve was from 0.104
ng/ml to 6 ng/ml and 1.172 ng/ml to 150 ng/ml for IgM. Along with standards, 100 μl
of samples were also added to the ELISA plate and incubated for 1.5 hours at 37°C.
Once the incubation was over, plates were then washed thrice with PBS + 0.05%
Tween-20 and four times with ddH2O. Secondary antibodies conjugated with HRP
were added to all of the wells. HRP-conjugated goat anti-human IgG (Bethyl
Laboratories, A80-104P) was diluted at 1:10,000 and HRP-conjugated goat antihuman IgM (SouthernBiotech, 2020-05) diluted at 1:4000, and 100 μl of secondary
antibody solution was added to each well and incubated for 1.5 hours at 37°C. Plates
were then again washed thrice with PBS + 0.05% Tween-20 and four times with
ddH2O. Finally, 100 μl TMB substrate (Millipore) was added to each well in the dark
and incubated for 30 minutes for IgG or 5 minutes for IgM. The stop solution (4N
H2SO4, Fisher Scientific) was added (100 μl/well) after the appropriate time frame and
the absorbance values were read at 450nm using a SpectraMax Plus 384 UV/VIS
microplate spectrophotometer (Molecular Devices). SoftMax Pro was used to process
the standard curves and to do the calculations of the secreted IgG and IgM.
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Data Analysis
All experiments were performed 2-3 times in triplicates. For experiments
replicated three times, endpoints from the triplicates were averaged and counted as a
single n for statistical analysis. Data is reported as the mean ± standard error of the
mean (SE) for the keratinocyte study and mean ± standard deviation for the glioma
study. Statistical analysis was carried out using GraphPad prism. Statistical
significance between CNT and pristine group was measured by one-way ANOVA and
Tukey post-hoc analysis by comparing both groups. Statistical significance in the foldeffect between scaffold groups and the controls was measured by two-way ANOVA
analysis followed by Bonferroni post-tests or Dunnett's multiple comparisons test by
comparing each sample to the corresponding cell controls and/ or CFC controls.
Statistical differences between fold-effect between TCDD treatment group and cell
control group or their respective vehicle control groups were measured by one-way
ANOVA analysis followed by Bonferroni post-test comparing each sample to the cell
control vehicle group or by comparing each TCDD treatment group to their respective
vehicle controls. Statistical significance in the fold-effect between UVB groups and
control groups was measured by one-way ANOVA with Tukey post-hoc analysis by
comparing all groups to cell controls. Statistical analyses were performed with a 95%
confidence interval (p<0.05).
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2.3

Results
Effects of Surface Wettability of Carbon Nanotube-coated Scaffolds

on Glioblastoma Cell Growth
Our first study focused on investigating the bio-interaction between CNTcoated and surface-modified 2D or 3D hierarchical scaffolds and glioblastoma (GBM)
cells. This was done to understand the potential viability of the scaffolds as possible
implant structures for glioblastoma postresection therapy. To understand the
interaction between GBM and scaffolds, we used the U87MG cell line, which is a
commonly used GBM cell line in brain cancer research [290,291].
In this study, we nano-functionalized two different carbon supports, 1) rigid
porous foams that could potentially fill surgical voids and 2) flexible carbon fiber cloths
that can be applied as sheets. These supports were also used without the CNT nanofunctionalization as the respective foam or fiber controls and referred to as ‘pristine’
supports.

U87MG Cell Proliferation on CNT-coated Scaffolds is Modulated by Surface
Wettability
To correlate GBM cell growth to material characteristics, we first visualized
cells for nano-interaction using immunofluorescence. U87MG GBM cells were grown
for 3 or 14 days on carbon fiber scaffolds with or without CNT-coating. U87MG cellular
morphology and cytostructure were visualized using Glial Fibrillary Acidic Protein
(GFAP, 1:500), and all cells were stained with DAPI to confirm staining and aid with
cell counting (Figure 23 A). GFAP/DAPI cell counts for each image were performed
using ImageJ. U87MG cell counts were significantly decreased on CNT-coated
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scaffolds after 3 days of growth when compared to those grown on pristine controls
(Figure 23 B). However, after 14 days of growth, U87MG cells show a significantly
higher cell count on CNT-coated scaffolds when compared to pristine supports (Figure
23 B). Therefore, growth on CNT-coated scaffolds induced bi-phasic cellular growth
in U87MG cells when compared to the growth curve shown for pristine supports.
Immunofluorescence to visualize cells grown upon carbon foam scaffolds (pristine or
CNT-coated) was also performed. However, due to carbon's opaque nature and the
3D morphology of the foam scaffolds, reliable imaging using confocal microscopy was
not adequate for quantification and this data is therefore not presented.
The inherent wettability of the CNT scaffolds is superhydrophobic and with
sodium hypochlorite-based bleach treatment, they were made hydrophilic to evaluate
the effect of surface wettability on cell growth. No significant changes between pristine
carbon fibers and CNT-coated carbon fiber scaffolds in U87MG cell counts were noted
post sodium hypochlorite-based bleach-treatment at any given time point of cell
growth (Figure 24 B).
Alongside IF, we also utilized MTS colorimetric assay to measure the cell
proliferation of U87MG cells grown on carbon foam or fiber supports with or without
CNT-coating. MTS colorimetric assay measures tetrazolium, an electron coupling
agent which is then reduced by metabolically active cells. This assay is commonly
used as a correlative measure of cell proliferation and viability. Cell proliferation was
significantly decreased in CNT-coated scaffolds when compared to pristine substrates
after 3 or 7 days (Figure 25). The change in nanomaterial hydrophilicity after sodium
hypochlorite-based bleach treatment resulted in increased cell proliferation of the CNT
group and no significant differences were noted between the pristine and CNT-coated
groups for the foam scaffolds (Figure 25 B). A significant decrease in U87MG cell
105

proliferation was still noted in the CNT-coated fiber scaffolds on days 3 and 14, which
were not seen on days 1 and 7 (Figure 25 B).
To further explore the effects of nanotubes on cell growth and to understand
the differences between cell counts and MTS colorimetric assay data, we measured
the amount of DNA, which directly correlates with cell numbers [319]. U87MG cells
were grown for 1, 3, 7, or 14 days before cells were lysed and DNA measured. No
significant differences in DNA concentration were noted between the pristine and
CNT-coated carbon foam structures with or without sodium hypochlorite-based bleach
treatment (Figure 26). For the shorter time points, similar to that noted in the MTS
colorimetric assay and immunofluorescence, there was a significant reduction in
U87MG DNA concentration suggesting a decrease in cell number with the CNTcoated fiber compared to pristine fiber structures (Figure 26 A). This reduction was
nullified after bleach treatment (Figure 26 B).
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Figure 23 Bi-phasic U87MG cell proliferation on CNT-coated carbon fiber
scaffolds.
Representative Immunofluorescence images of cell-seeded carbon fiber scaffolds
with or without CNT-coating (A). Cells are labeled with GFAP (green) and cell nuclei
with DAPI (blue). Scale bar represents 1000μm. Cell counts performed via ImageJ
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from 4x images (n=3/sample) (B). Statistical significance was measured by one-way
ANOVA and Tukey post-hoc analysis by comparing both groups. Error bars denote
SD, ** denotes p < 0.01, *** denotes p < 0.005. Reprinted from “Multi-walled carbon
nanotube carpets as scaffolds for U87MG glioblastoma multiforme cell growth” by
Parikh, S. D., Dave, S., Huang, L., Wang, W., Mukhopadhyay, S. M., & Mayes, D. A.
(2020). Materials Science and Engineering: C, 108, 110345. Copyright by Elsevier
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Figure 24 U87MG cell proliferation is comparable between CNT-coated
hydrophilic scaffolds and pristine supports.
Representative Immunofluorescence images of U87MG cells seeded on bleachtreated carbon fiber scaffolds with or without CNT-coating (A) Cells are labeled with
GFAP (green) and cell nuclei with DAPI (blue). Scale bar represents 1000μm. Cell
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counts performed via ImageJ from 4x images (n=3/sample) (B). Statistical significance
was measured by one-way ANOVA and Tukey post-hoc analysis by comparing both
groups. Error bars denote SD. Reprinted from “Multi-walled carbon nanotube carpets
as scaffolds for U87MG glioblastoma multiforme cell growth” by Parikh, S. D., Dave,
S., Huang, L., Wang, W., Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials
Science and Engineering: C, 108, 110345. Copyright by Elsevier

Figure 25 U87MG Cell Proliferation is significantly low on hydrophobic CNTcoated scaffolds as compared to pristine controls.
Cells were seeded on carbon foam or carbon fiber scaffolds with or without CNTcoating (A) or after bleach oxidation treatment (B). The X-axis in each graph depicts
the number of days U87MG cells were grown on the scaffolds. Cell proliferation was
evaluated by the MTS Assay. Statistical significance was measured by one-way
ANOVA with Tukey post-hoc analysis by comparing both groups. Error bars denote
SD. **, *** denote p < 0.01, p < 0.005, respectively. n=3/group/experiment. Reprinted
from “Multi-walled carbon nanotube carpets as scaffolds for U87MG glioblastoma
multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W.,
Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and Engineering: C,
108, 110345. Copyright by Elsevier
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Figure 26 U87MG DNA Quantification is comparable between CNT-coated
hydrophilic scaffolds and pristine supports.
DNA quantification of cells on carbon foam or carbon fiber scaffolds with or without
CNT-coating (A) or after bleach oxidation treatment (B) measured with Quant-iT™
PicoGreen™ dsDNA Assays. The X-axis in each graph depicts the number of days
the U87MG cells were grown on the scaffolds. Statistical significance was measured
by one-way ANOVA with Tukey post-hoc analysis by comparing both groups. Error
bars denote SD. *, ** denote p < 0.05, or p < 0.01, respectively. n=3/group/experiment.
Reprinted from “Multi-walled carbon nanotube carpets as scaffolds for U87MG
glioblastoma multiforme cell growth” by Parikh, S. D., Dave, S., Huang, L., Wang, W.,
Mukhopadhyay, S. M., & Mayes, D. A. (2020). Materials Science and Engineering: C,
108, 110345. Copyright by Elsevier
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Evaluation of the Effect of Length and Surface Wettability of CNTcoated Scaffolds on Biocompatibility and Cell Growth of Keratinocytes
Current wound healing scaffolds lack effectiveness in varied wound types and
also have limitations with handling, preparation, sterilization, and shelf life [192]. The
CNT-coated scaffolds due to their unique properties could be a suitable material for
wound healing scaffolds that can address the limitations of the current scaffolds.
Hence, in this study, we focused on investigating how surface functionalization and
lengths of CNT-coating can alter the bio-interaction between the hierarchical scaffolds
and keratinocyte cells. We used the HaCaT cell line for this study, which is a commonly
used immortalized keratinocyte cell line in skin research [320,321].
In this study, we nano-functionalized flexible carbon fiber cloths (CFC) that
could be applied as wound healing sheets at the injury site. Such CFCs were nanofunctionalized with short or long lengths of nanotubes and were denoted by Short
CNT-CFC or Long CNT-CFCs, respectively. We propose that these hierarchical
scaffolds would provide unique micro as well as nanoscale cell interactions for
promoting cell growth and wound healing without the probable toxicity risks linked with
isolated and free CNTs. Therefore, the materials were evaluated for the ability to
support cell proliferation of keratinocytes, and cell migration of keratinocyte and
fibroblast cells.

2.3.2.1

Extract prepared from CNT-coated scaffolds does not induce

cytotoxicity in keratinocytes
Since our objective in this study was to evaluate the CNT-coated scaffolds for
their wound healing capability, we first checked for toxicity effects on keratinocyte cell
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growth. Carbon scaffolds could potentially induce cellular toxicity in a variety of ways
including disassociation of CNTs from the material [153–156], residual metallic
impurities [159,160], length [309,322]. surface defects [22], unintentional moieties
such as remnant sodium hypochlorite or nitric acid due to inadequate washing steps,
and/or extractables [323]. Extractables are compounds that could release from
scaffold surfaces under aggressive conditions, such as extended exposure times or
gamma-irradiation [324]. Carbon nanotubes have also been known to cause toxicity
as well as oxidative stress in keratinocytes [325,326]. To determine if the scaffolds are
biocompatible and safe for tissue engineering, we followed the FDA-recommended
guidelines for biocompatibility testing of external materials and performed an elution
test [327]. Elution tests can help predict the short-term as well as long-term cytotoxicity
risks associated with the implant material based on its proposed use and the potential
for the release of extractables from implant materials [323].
To evaluate the indirect cytotoxicity effects of the scaffolds, we prepared
extracts by incubating the scaffolds with simulated wound fluid (SWF). SWF was
chosen for the elution analysis because it is physiologically relevant and has been
used to imitate the natural wound healing process [306,328]. The prepared scaffolds
were incubated with SWF for 14 days at 37°C in a humidified 5% CO2 environment.
The SWF eluent was then in turn diluted at various concentrations with cell culture
media (Figure 27).
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Figure 27 Graphical representation of the elution test assay.
Through the elution test, the scaffolds used in the study were evaluated for their
cytotoxicity profile before initiating cell-culture work to assert their non-toxic nature.
The scaffolds were first soaked in the simulated wound fluid (SWF) for 14 days at 37°C
for 5% CO2 to prepare an extract. These prepared extracts from the scaffolds were
further diluted to 25%, 50%, and 75% in the complete cell culture media as well as
quiescent cell culture media to evaluate short term as well as long term cytotoxicity
effects on growing HaCaTs as well as quiescent HaCaTs. The cytotoxicity analysis of
the prepared extracts was done through brightfield microscopy as well as CytoToxONE™ Homogeneous Membrane Integrity Assay (LDH assay).

In addition to normally dividing cells, we also evaluated quiescent cells.
Quiescent cells are less prone to toxic effects and stress exerted on them [329,330].
In case the scaffolds were highly cytotoxic, we wanted to analyze if the scaffolds can
potentiate toxic effects that could supersede the stress-resistant nature of the
quiescent cells. Quiescent cells were prepared by first incubating the cells in complete
culture media until the cells reached near-confluency and then culturing the cells for
24 hour with quiescent media, which is a commonly used approach to achieve
quiescence [234,331]. For our quiescent media preparation, we used 1% serum
instead of 10% for the complete media.
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There was no change in the pH with any prepared extracts with an average pH
of around 8.57 for all prepared extracts. Extract dilutions with complete or quiescent
media were prepared and cells were incubated with the extracts for 1 and 3 days to
assess any short-term or long-term cytotoxic effects. From visual examination through
brightfield microscopy, we did not observe any noticeable differences in the HaCaTs
for any of the dilutions or time points. We also performed an LDH assay to assess cell
viability. Cell death did not increase after 24 hours of incubation with the extracts at
any concentrations both in presence of complete and quiescent media (Figure 28 A
and Figure 29 A). This is noteworthy considering that not only was there no cytotoxicity
induced after all extract treatments but the CFC and Long CNT-coated scaffolds also
exhibited significantly less toxicity as compared to the cell controls. These results
suggest a non-cytotoxic nature of all scaffolds used in this study at shorter time frames.
For the 3-day treatment of the eluents (Figure 28 B and Figure 29 B), we did
not observe any cytotoxicity for up to 50% concentrations of the extracts. However, at
75% extract concentration, there was noticeable cell death in all the groups including
the controls. The increase in cytotoxicity at such high concentrations of the extracts
was not surprising due to the lack of nutrients for the actively dividing cells. The 75%
extract concentration is usually not attempted in elution-based studies due to its
limitations. The purpose of including a 75% group was to assess if the CNT-coated
scaffolds have any extractables, which can exaggerate cell death in nutrient-deprived
conditions. All the extracts prepared from CNT nano functionalization of the CFCs did
not show any increase in cell death compared to cell controls and the Long CNT-CFC
hydrophilic group showed significantly reduced cell death when compared to the
control. Again, in the quiescent media study at 3 days (Figure 29 B) with 75% extract
concentration, we saw a trend of decreasing cell death of HaCaTs with extracts
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prepared from scaffolds as compared to the control. Both short CNT groups, as well
as the long CNT-CFC hydrophilic group, showed significantly less cytotoxicity as
compared to the SWF control group. This test followed established guidelines by the
FDA and the U.S. Pharmacopoeia for tests on biomaterials [332] and the results from
the test unveiled the non-cytotoxic nature of the extract of various bioscaffolds used
in the study on HaCaTs.
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Figure 28 Evaluation of indirect cytotoxicity of scaffolds on keratinocytes
(HaCaTs).
Cytotoxic effects of the eluted solution of scaffolds used in the study (Carbon fiber
cloth (CFC), Long CNT-CFC, and Short CNT-CFC) with or without sodium
hypochlorite-based bleach treatment on normally dividing HaCaT cells were measured
on Day 1 (A) and Day 3 (B). Extracts were prepared from different scaffolds by
incubating scaffolds with SWF for 14 days and the extracts were evaluated for their
potential cytotoxic effects on HaCaTs by LDH assay. The Y-axis represents the
quantification of mean formazan-correlated cytotoxicity results normalized to positive
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cytotoxic controls. The X-axis represents the treatment groups. CNT-coated scaffolds
did not induce cytotoxicity in HaCaTs. Statistical significance was measured by twoway ANOVA analysis followed by Bonferroni post-tests by comparing each sample to
the corresponding cell controls as well as CFC controls. Significant differences from
the cell controls were denoted by *, which represents significance at p<0.05.
Significant differences from the appropriate CFC controls were denoted by # and ##,
which represent significance at p<0.05 and p<0.01, respectively. Results are
representative of two independent experiments (n = 3 for each treatment group). Error
bars denote SE.
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Figure 29 Evaluation of indirect cytotoxicity of scaffolds on quiescent
keratinocytes (HaCaTs).
Cytotoxic effects of the eluted solution of scaffolds used in the study (Carbon fiber
cloths (CFC), Long CNT-CFC, and Short CNT-CFC) with or without sodium
hypochlorite-based bleach treatment were assessed on quiescent HaCaT cells on Day
1 (A) and Day 3 (B). Extracts were prepared from different scaffolds by incubating
scaffolds with SWF for 14 days and the effects of extracts on quiescent HaCaTs were
analyzed by LDH assay. The Y-axis represents the quantification of mean formazan119

correlated cytotoxicity normalized to positive cytotoxic controls. The X-axis in each
graph represents the treatment groups. Scaffolds did not induce cytotoxicity in
quiescent HaCaTs. Statistical significance was measured by two-way ANOVA
analysis followed by Bonferroni post-tests by comparing each sample to the
corresponding cell controls as well as CFC controls. Significant differences from the
cell controls were denoted by * and **, which represent significance at p<0.05 and
p<0.01, respectively. Results are representative of two independent experiments (n =
3 for each treatment group). Error bars denote SE.

2.3.2.2

CNT-coated

scaffolds

do

not

induce

cytotoxicity

in

keratinocytes upon direct contact
To further evaluate the toxicity profile of the scaffolds, we performed
cytotoxicity analysis of cells growing directly on the prepared scaffolds. This was done
by adhering to non-standard direct contact study guidelines as per ISO 10993-5 by
FDA [327]. HaCaT cells were directly grown on the scaffolds and their cytotoxicity was
measured using an LDH assay. No significant cytotoxicity of HaCaT cells was
observed at short, intermediate, or long-term time points with any of the bioscaffolds
(Figure 30). On Day 1, not all seeded cells may have attached to the culture plate and
hence we saw relatively higher cytotoxicity values compared to other time points.
The comparable cytotoxicity results for different scaffolds imply that the
bioscaffolds are non-cytotoxic for keratinocyte cell growth. The results also suggest
that the varying length or water wettability of the CNT layer does not cause any
unexpected cytotoxicity in HaCaTs. This was consistent with our hypothesis that the
covalently bound CNTs will not contribute to cytotoxicity in vitro.

120

Figure 30 Alteration of CNT length and wettability does not induce cytotoxicity
in keratinocytes (HaCaTs).
Cytotoxicity evaluation in HaCaTs growing on scaffolds was performed by LDH assay.
The Y-axis represents the quantification of mean formazan-correlated cytotoxicity
results normalized to the positive cytotoxic controls. The X-axis represents the
treatment groups. Statistical significance was measured by two-way ANOVA analysis
followed by Bonferroni post-test comparing each sample to the corresponding carbon
fiber cloth (CFC) controls. Results are representative of three separate experiments
(n = 3 for each treatment group). Error bars denote SE.

2.3.2.3

Short

CNTs

can

effectively

support

keratinocyte

cell

proliferation
The effects of CNT length, as well as surface wettability of the nanomaterials
on keratinocytes cell growth over time, was evaluated via MTS. Cell proliferation on
all scaffolds was not significantly different from the control cell groups at Day 1 (Figure
31). However, we did see negligible cell proliferation on Long CNT-coated scaffolds.
Also, relative cell proliferation on all CNT-coated scaffolds was noticeably low, hinting
that cell attachment on CNT-coated scaffolds could have been slower on Day 1. This
was consistent with our previous observations with the glioblastoma studies [67].
Slower proliferation rates could be associated with the substantially high surface area
and 3D nanostructure provided by the CNTs, which can slow down cell attachment as
compared to flat, tissue culture-treated plates.
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On Day 3, cell proliferation between the CFC group and Short CNT-coated
scaffolds was comparable and not significantly different (Figure 31). This implies that
cell growth was well supported on the short CNT surfaces. The Long CNT-coated
scaffolds showed significantly less cell proliferation as compared to the other groups.
On Day 5, cell proliferation between the cell control group, CFC group, and Short CNTcoated hydrophilic scaffolds was comparable and not significantly different (Figure 31)
This implies that cell growth was well supported on Short CNT-coated hydrophilic
scaffolds. In general, Short CNT-coated scaffolds showed higher cell proliferation than
Long CNT-coated scaffolds and hydrophilic scaffolds showed increased cell
proliferation than their hydrophobic counterparts.

Figure 31 Short CNTs can effectively support keratinocyte (HaCaT) cell
proliferation.
HaCaTs were cultured on different scaffolds and cell proliferation was measured by
MTS assay. The Y-axis represents the quantification of mean tetrazolium-correlated
cell proliferation results normalized to cell control values on Day 1. The X-axis in each
graph represents the scaffolds on which the HaCaTs were cultured. On Days 3 and 5,
the Long CNT-CFC scaffolds showed significantly lower cell proliferation as compared
to carbon fiber cloth (CFC) groups. HaCaTs cultured on Short CNT-coated scaffolds
showed similar cell proliferation as CFC controls. Statistical significance was
measured by two-way ANOVA analysis and Bonferroni post-test. Significant
differences from the corresponding CFC controls were denoted by # and ###, which
represents significance at p<0.05 and p<0.001, respectively. Results are
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representative of three independent experiments (n = 3 for each treatment group).
Error bars denote SE.

Assessment of Cell Migration with CNT-coated Scaffolds to Check
their Potential as a Future Wound Healing Scaffold
Cell migration is a critical process in order to understand whether the scaffolds
are suitable for wound healing applications. Hence, to understand the full extent of the
feasibility of the scaffolds used in this study, apart from their potential to aid cell
proliferation, we also checked their effects on cell migration.
CNT-coated Scaffolds Effectively Support HaCaT Migration
Keratinocyte and fibroblast migration and proliferation are key steps involved
in the wound healing process. Therefore, determining the effect of CNT-coated
scaffolds on cell migration is important to assess whether these scaffolds are suitable
for wound healing applications. From the cell proliferation study (Figure 31), it was
identified that hydrophilic CNT-coated scaffolds were more effective for keratinocyte
cell growth and only hydrophilic scaffolds were used for migration analyses. Several
approaches were employed to evaluate cell migration as described below.

2.3.3.1.1

Modified Scratch Wound Assay

We utilized a modified scratch wound model to evaluate cell migration from the
CNT-coated scaffolds. In this method, just like a traditional scratch wound assay, a
scratch was made on a confluent layer of HaCaTs using a 200ul pipette tip. We then
covered the scratches with 1x1 cm carbon bioscaffolds with dye-loaded HaCaTs to
visualize and evaluate if the cells can migrate from the scaffolds towards the scratch
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and facilitate the wound healing process. We observed very few labeled cells
migrating from the scaffolds towards the wound site (results not shown), but we had
difficulty in getting reproducible results and unfortunately, the results from this study
were inconclusive due to experimental limitations.

2.3.3.1.2

Intrascaffold Cellular Migration Experiment

In this preliminary study, we checked if the scaffolds by themselves can
facilitate intrascaffold cellular migration. A simple experimental set-up was used where
we cultured HaCaTs on two different Long CNT-coated hydrophilic scaffolds and
placed a scaffold without any cells in between those two pre-seeded scaffolds. This
was done to understand if the scaffold nano-interaction of the pre-seeded cells allows
for the migration towards the center scaffold, which mimics a no-cell zone within the
scaffold (Figure 32 A). After 3 days, cells were visualized in the center scaffold (Figure
32 B), supporting cell migration from the cell-seeded scaffolds using AMEFC4300
EVOS™ Digital Color Fluorescence Microscope. This study validated that the
scaffolds are capable to support cell migration on their surface and can be further
explored for keratinocyte cell migration.
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Figure 32 Keratinocytes (HaCaTs) can migrate within the CNT-coated scaffold.
HaCaT seeded Long CNT-coated hydrophilic scaffolds were placed on either end of
a scaffold without any cells and incubated for 3 days. All cell nuclei were stained with
DAPI (blue). Fluorescent pictures were captured using AMEFC4300 EVOS™ Digital
Color Fluorescence Microscope. Representative graphic of the intrascaffold cell
migration set-up (A). Representative image showing HaCaT cell migration towards the
central CNT-coated scaffold (B). Images are representative of one experiment (n = 3).
Scale bar represents 1000μm.

2.3.3.1.3

Keratinocyte and Fibroblast cells can Effectively Migrate from

CNT-coated Scaffolds
To further evaluate cell migration, we determined if cells grown on the CNTcoated scaffolds will leave the nanostructures and migrate towards an area with no
cells (Figure 34). These scaffolds provide a customizable surface that is highly flexible
and easy to functionalize with growth factors as a split-thickness skin graft or as
dermo-epidemal substitutes which can contain fibroblasts as well as keratinocytes as
they are also one of the critical cell types required for the wound healing process [333].
To evaluate cell migration from the scaffolds, scaffolds were pre-seeded with
cells in a plate for 1 day to give the cells enough time to attach to the nano and
microarchitecture of the scaffolds. Scaffolds were then transferred to a fresh cell
culture plate and migration from the scaffolds evaluated (Figure 33). This was done to
gain a qualitative insight into whether the cells grown onto the nanostructures can
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effectively leave the area to test their potential as wound healing scaffolds. The results
showed that both keratinocytes (HaCaT cells) and fibroblasts (NHF1 cells) migrated
from the CFC, Long CNT, and Short CNT scaffolds (Figure 34 and Figure 35).
The results from this test are qualitative as the number of cells migrating from
the scaffolds varied depending on the scaffold movement inside the tissue culture
plates. As the scaffolds could not be taped to the plates and were submerged in the
cell culture media, routine steps such as media exchange and moving plates from the
incubator to the cell culture hood tended to perturb the cellular migration as the
scaffolds moved. Enough precautions were taken to limit the disturbance; however, it
could not be completely avoided. Hence, the results for this test are not quantified for
cell counts.
To further verify the keratinocyte cell migration from the scaffolds, we designed
another method using PDMS polymer-based cell barriers to analyze cell migration. In
the first preliminary test, a confluent layer of cells was grown with a circular no cell
zone (simulated wound region) in the center. A Long as well as Short CNT-coated
hydrophilic scaffold pre-seeded with CellTracker™ Red CMTPX-loaded HaCaT cells
was placed in the wound region and incubated for 4 days (Figure 36 A). Dye-loaded
cells were observed throughout the wound edge (Figure 36 C), which suggested that
keratinocyte cells migrate from the scaffolds toward the wound edge.

Figure 33 Graphical representation of set-up used to assess keratinocyte and
fibroblast cell migration from the cell-seeded scaffolds.
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Keratinocytes (HaCaT cells) or fibroblasts (NHF1 cells) were seeded on the scaffolds
and the cell-seeded scaffolds were transferred to an empty plate the next day. Cell
migration from the scaffolds to the plate was observed through phase-contrast
microscopy at day 15 for HaCaTs and day 10 for NHF1s.

Figure 34 Keratinocytes migrate from the CNT-coated scaffolds.
HaCaTs were seeded on scaffolds and the cell-seeded scaffolds were transferred to
a fresh well plate and incubated for 15 days. Plates were then observed for cell
migration by phase-contrast microscopy using AMEFC4300 EVOS™. A
representative image showing the HaCaT-seeded Short CNT-coated hydrophilic
scaffold (black image) on the tissue culture plate and the migrated cells from the
scaffold (bright field) (A). Representative images of HaCaTs migrated from carbon
fiber cloth (CFC) (B), Long CNT-coated hydrophilic scaffold (C), and Short CNTcoated hydrophilic scaffold (D). Scale bar represents 1000μm. Representative images
are from 3 independent experiments (n=3, 10 images analyzed per sample for each
experiment).
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Figure 35 Fibroblasts migrate from CNT-coated scaffolds.
NHF1s were seeded on scaffolds and the cell-seeded scaffolds were transferred to a
fresh well plate and incubated for 10 days. Plates were then observed for cell migration
by phase-contrast microscopy using AMEFC4300 EVOS™. Representative images of
NHF1 cells migrated from carbon fiber cloth (CFC) (A), Long CNT-coated hydrophilic
scaffold (B), and Short CNT-coated hydrophilic scaffold (C). Scale bar represents
1000μm. Representative images are from 3 independent experiments (n=3, 10 images
analyzed per sample for each experiment).
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Figure 36 Keratinocyte cells (HaCaTs) migrate from the CNT-coated scaffolds
towards the wound edge.
Cell migration of HaCaT cells (red) from the Long CNT-coated hydrophilic scaffolds
towards the wound edge after 4 days. Cell migration study set-up using PDMS no-cell
barrier (A). Representative image of the no cell zone created by the PDMS cell barrier
imaged by BioTek Cytation5 using image stitching at 4x (B). Migrated CellTracker™
Red CMTPX-loaded HaCaT cells (red) from the CNT-coated scaffold towards the
wound edge (C). Nonfluorescent cells are HaCaT cells grown to confluency around
the PDMS barrier. Scale bar in (B) represents 10000μm and (C) represents 400μm.
The image is representative of one independent experiment (n=3, 10 images analyzed
per sample per group for each experiment).

2.3.3.1.4

Keratinocyte and Fibroblast cells can Effectively Migrate Towards

the CNT-coated Scaffolds
To further validate the cell migration findings, we performed this study to check
if the cells grown on the culture plates can migrate towards the scaffolds. This was
done to check if the scaffolds can attract cell migration to be able to support the wound
healing at the injury site. The set-up for the test is illustrated in Figure 37.
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Cells effectively migrate towards the CNT-coated scaffolds through the leading
weaves and fibrils (Figure 38-Figure 39). We also observed the migrated cells towards
the central region of the scaffolds and migrated cells throughout the scaffold surface
implying that once attached, the cells can continue their migration on these CNT
carpets. This study also suggests that the scaffolds provide directionality of the
migrating keratinocytes and fibroblasts and this property can be exploited to use these
materials as wound healing or tissue scaffolds.
CNT-coated scaffolds were further evaluated for keratinocyte cell migration
from the wound edge to the scaffold. HaCaT cells loaded with CellTracker™ Red
CMTPX dye were grown to a confluent layer around the PDMS barrier. A CNT-coated
scaffold pre-seeded with HaCaTs loaded with CellTrace™ CFSE dye was then placed
in the wound area and incubated for 4 days (Figure 40 A). HaCaT cells migrated from
the plate to the scaffold (Figure 40 B, signifying that the cells from the wound edge
had successfully migrated towards the pre-seeded scaffolds and the scaffolds were
capable to retain seeded cells and facilitate cell migration into the scaffold.

Figure 37 Graphical representation of set-up used to assess cell migration
towards the CNT-coated scaffolds.
HaCaTs or NHF1 cells were seeded in 12 well plates and incubated for a day. CNTcoated scaffolds were then transferred to the cell-seeded wells and allowed to
incubate for 5 days. Cell migration on CNT-coated scaffolds was analyzed by staining
the cells with Calcein-AM after the 5-day incubation.
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Figure 38 Keratinocytes migrate towards the CNT-coated scaffolds.
HaCaTs were seeded in 12 well plates and incubated for a day. Scaffolds were then
placed and incubated for 5 days and observed for cell migration by staining the cells
with Calcein-AM (green) before imaging them with AMEFC4300 EVOS™.
Representative fluorescence images show migrated HaCaTs on Long CNT-coated
hydrophilic scaffolds (A) and Short CNT- hydrophilic coated scaffolds (B). The scale
bar represents 400μm. Representative images are from 3 independent experiments
(n=3, 10 images analyzed per sample for each experiment).

Figure 39 Fibroblasts migrate towards the CNT-coated scaffolds.
NHF1 cells were seeded in 12 well plates and incubated for a day. Scaffolds were
then placed and incubated for 5 days and observed for cell migration by staining the
cells with Calcein-AM (green) before imaging them with AMEFC4300 EVOS™.
Representative fluorescence images show migrated NHF1 cells on Long CNT-coated
hydrophilic scaffolds (A) and Short CNT-coated hydrophilic scaffolds (B). Scale bar in
(A) represents 400μm and (B) represents 1000μm. Representative images are from 3
independent experiments (n=3, 10 images analyzed per sample for each experiment).
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Figure 40 Keratinocytes migrate towards the CNT-coated scaffolds.
Cell migration of HaCaT cells (red) from the Short and Long CNT-coated hydrophilic
scaffolds towards the wound edge after 4 days imaged using Olympus BX51. Cell
migration study set-up using PDMS no-cell barriers (A). Red cells are CellTracker™
Red CMTPX-loaded HaCaT cells grown to confluency around the PDMS barrier.
Green cells are HaCaT cells loaded with CellTrace™ CFSE that were pre-seeded on
the Short and Long CNT-coated scaffolds (B). The image is of a Short CNT-coated
hydrophilic scaffold and is representative of two independent experiments (n=3, 10
images analyzed per sample for each experiment).

Effects of Environmental Stressors on Cells Grown on CNT-coated
Scaffolds
We tested the potential cytoprotective effects of the CNT-coated scaffolds in
presence of environmental stressors TCDD and UVB.

2.3.4.1

TCDD does not Impact HaCaT cell Proliferation or Cytotoxicity

Our lab’s previous work on CNT scaffolds with aromatic compounds [61] and
lipid molecules [63] insinuate that the CNT-coated scaffolds can potentially adsorb
TCDD on their surface. In this study, we wanted to determine whether the CNT-coated
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scaffolds due to their adsorbent nature could provide cytoprotective effects against
TCDD. TCDD is also shown to decrease cell proliferation of HaCaTs, particularly at
higher concentrations [231,234], and slows down the cell migration during wound
healing [235]. Therefore, we hypothesized that CNT-coated scaffolds could
preferentially minimize the anti-proliferative effects of TCDD. However, in our hands,
TCDD treatment did not inhibit HaCaT cell proliferation and was not cytotoxic.
Similarly, TCDD had no significant effect on proliferation and showed a modest
protective effect on cell death for HaCaT cells seeded on the CNT-coated scaffolds
(Figure 41 and Figure 42).

Figure 41 TCDD does not impact keratinocyte (HaCaT) cell proliferation.
TCDD-treated HaCaT cells were either cultured in the absence of any additional
treatment (naïve) or treated with 0.01% DMSO (vehicle) or 30nM TCDD and grown on
different CNT-coated scaffolds for 4 days. Cell proliferation of HaCaTs growing on
different surfaces was measured by MTS assay. The Y-axis represents the
quantification of mean tetrazolium-correlated cell proliferation normalized to cell
control values on Day 4. The X-axis in each graph represents the scaffolds on which
the HaCaTs were cultured. Cell control represents cells grown in the absence of
scaffolds. CFC is the carbon fiber control. Statistical significance was measured by
one-way ANOVA analysis followed by Bonferroni post-test comparing each sample to
the cell control vehicle group and by comparing each TCDD treatment group to their
respective vehicle controls. Significant difference from the naïve cell control is denoted
by *** which represents significance at p < 0.001. Results are representative of two
separate experiments (n = 3 for each treatment group). Error bars denote SE.
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Figure 42 TCDD does not induce cytotoxicity in HaCaTs.
TCDD-treated HaCaT cells were either cultured in the absence of any additional
treatment (naïve) or treated with 0.01 % DMSO (vehicle) or 30nM TCDD and grown
on different scaffolds for 2 or 4 days. Cytotoxicity evaluation in HaCaTs growing on
scaffolds was performed by LDH assay. The Y-axis represents the quantification of
mean formazan-correlated cytotoxicity normalized to the positive cytotoxic controls.
The X-axis represents the treatment groups. Cell control represents cells grown in the
absence of scaffolds. CFC is the carbon fiber control. Statistical significance was
measured by two-way ANOVA analysis followed by Bonferroni post-test. Significant
difference from the naïve cell control is denoted by *, **, and *** which represents
significance at p <0.05, p<0.01, and 0.001, respectively. Results are representative of
two separate experiments (n = 3 for each treatment group). Error bars denote SE.

2.3.4.2

UVB Significantly Decreases HaCaT Cell Viability

Keratinocytes are highly vulnerable to UVB radiation. UVB light substantially
slows down skin cell growth and induces cell death and skin cancer in addition to
substantially slowing down wound healing [249,251]. HaCaT cell viability was
measured at increasing doses of UVB. All the treatments of UVB significantly
decreased the number of viable cells (Figure 43).
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Figure 43 UVB treatment significantly inhibits keratinocyte cell viability.
HaCaT cells were either cultured in 35mm plates for 1 day. The cells were then treated
with 50-400 J/m2 UVB and grown for 3 days. Cell counts were measured by Vi-Cell
Cell Counter (Beckman Coulter). The Y-axis represents a viable cell number
normalized to control cells. The X-axis in each graph depicts the dosage of UVB
treatment. Statistical significance was measured by one-way ANOVA with Tukey posthoc analysis. Significant difference from the cell control is denoted by * and ***, which
represents significance at p<0.05 and p<0.001, respectively. Results are
representative of a single experiment with each treatment in triplicate. Error bars
denote SE.

2.3.4.2.1

Scaffolds Protect Keratinocytes Against UVB-induced Cell Death

In the next series of experiments, we wanted to explore the cytoprotective potential of
CNT-coated scaffolds against UVB light. To analyze that, we treated cells with a wide
range of UVB doses including 100, 200, 400, 700, 1000, 2000, and 3000 J/m2, and
evaluated the change in cell confluency to confirm the hypothesis that the CNT-coated
scaffolds form a protective barrier. We selected to use doses up to 3000 J/m2 as that
is one of the highest exposures observed [334]. Keratinocytes (HaCaT cells) were
stained with CellTracker™ Red CMTPX and one day after cell seeding, cells were
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covered with either Long CNT-coated hydrophilic scaffolds, Short CNT-coated
hydrophilic scaffolds, or CFC before treating the cells with UVB doses (Figure 44).
Post-UVB treatment, the covered scaffolds were removed, cells were incubated for 3
days and cell viability, as well as confluency, were determined by visual examination
as well as through phase-contrast microscopy by AMEFC4300 EVOS™ Digital Color
Fluorescence Microscope. With increasing UVB doses, we saw detrimental effects on
cell confluency in the control groups as they started exhibiting rounded morphology
and increased cell death, and reduced confluency. On the contrary, both CNT and
CFC-covered cells had no visual signs of cell death at any of the doses.
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Figure 44 Keratinocytes covered with CNT-coated scaffolds are protected
against UVB.
Graphical representation of the set-up used to evaluate the effect of UVB on cells
covered with carbon-coated scaffolds (A). HaCaTs were cultured in 35mm plates and
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incubated for 1 day. The cells were then covered with CNT-coated scaffolds and
treated with UVB. Scaffolds were immediately removed after the treatment and grown
for 3 days and observed for cell growth and viability by phase contrast and fluorescent
microscopy. HaCaTs were treated with UVB and cultured for 3 days. Representative
images show phase-contrast (B) and fluorescent images of HaCaTs (C) after 3000
J/m2 and 400 J/m2 UVB, respectively. For fluorescent visualization, HaCaTs were
stained with CellTracker™ Red CMTPX. The upper and lower rows show
representative images of control cells, cells covered with carbon fiber cloth (CFC), and
CNT-coated scaffolds before and after the UVB treatment, respectively. Scale bar
represents 1000μm in (B) and in (C) 400μm. Representative images are from 3
independent experiments (n=3, 10 images analyzed per sample for each experiment).

We next evaluated the cytoprotective capacity of CNT-coated scaffolds when
seeded with cells. Keratinocytes loaded with CellTrace™ CFSE were grown on the
scaffolds and the scaffolds were inverted during the 400 J/m2 UVB treatment so that
the seeded cells do not receive direct UVB light (Figure 45 A). All cells were also
stained with DAPI post UVB treatment to have an additional measure to validate the
cell counting done using CellTrace™ CFSE (images not shown). Cell confluency and
viability were evaluated visually after 72 hours and all scaffold groups provided
protection against UVB. Direct UVB treatment of cells seeded on CNT-coated
scaffolds was also protective (Figure 46). Taken together, the CNT-coated scaffolds
were protective against UVB-induced toxicity. Additionally, we discovered that the
Long CNT-coated scaffolds exhibited substantially increased cells compared to the
cell control and the other scaffolds (Figure 46 C). Such scaffolds due to their longer
CNTs and increased growth times of CNTs produce dense nanotube carpet forests
and provide extensively intertwined nanostructures for cell growth, which appears to
provide greater protection against UVB as compared with short CNTs.
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Figure 45 CNT-coated scaffolds provide protection from indirect exposure to
UVB.
Graphical representation of the indirect UVB treatment set-up (A). Cells were labeled
with CellTrace™ CFSE and cultured on scaffolds and incubated for 1 day. Scaffolds
were then imaged by capturing 6x6 stitched images using BioTek Cytation5 to get an
assessment of cellular seeding of scaffolds. Scaffolds were flipped upside down for
the 400 J/m2 UVB treatment. Scaffolds were then flipped right side up and grown for
3 days. Cell growth and cell counts were evaluated by phase contrast and fluorescent
microscopy via BioTek Cytation5 and Gen5 software. The upper and lower rows
represent the fluorescent images of cells grown on carbon fiber cloth (CFC), Long
CNT-coated scaffolds, and Short CNT-coated scaffolds before and after the UVB
treatment, respectively (B). No visual changes in cell confluency were seen after the
UVB exposure for cells grown on carbon fiber cloth (CFC) and CNT-covered cells.
Scale bar represents 3000μm. Results are representative images of two repeats with
each treatment in triplicate, each image being a stitched image of 36 images.
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Figure 46 CNT-coated scaffolds provide protection from direct exposure to UVB.
Graphical representation of the direct UVB treatment set-up (A). Cells were labeled
with CellTrace™ CFSE and cultured on scaffolds and incubated for one day. Scaffolds
were then imaged by capturing 6x6 stitched images using BioTek Cytation5 to get an
assessment of cellular seeding of scaffolds. Scaffolds were then treated with 100 J/m2
UVB and further incubated for 3 days. Cell growth and viability were evaluated by
phase contrast and fluorescent microscopy via BioTek Cytation5 and Gen5 software.
The upper and lower rows are fluorescent images of cells grown on cover slides and
represent cell control, carbon fiber cloth (CFC) control, Long CNT-coated scaffold, and
Short CNT-coated scaffold before and after UVB treatment, respectively (B). Scale
bar represents 3000μm. Y-axis represents the relative cell number per each group
after UVB treatment as compared to the cell numbers of the same group before UVB
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treatment (C). Statistical significance was measured by one-way ANOVA with Tukey
post-hoc analysis. Significant difference from the cell control is denoted by *, **, and
*** which represents significance at p <0.05, p<0.01, and 0.001, respectively. Results
are representative of three separate experiments (n = 3 for each treatment group).
Error bars denote SE.

CNT-coated Scaffolds do not Improve the Effects of Photodynamic
Therapy Treatment (PDT)
This preliminary test aimed to check the efficacy of CNT-coated scaffolds as
photosensitizers for the PDT therapy treatment. PDT works on the principle that a
specific wavelength of light activates a photosensitizing agent which produces reactive
oxygen species (ROS) that causes cellular toxicity in the targeted cells. PDT has been
in use for the past four decades for cancer cell ablation and in different
chemotherapeutic applications [335]. Due to their substantially high surface area,
thermal conductivity, and electrical properties; carbon nanotubes have been
successfully implemented to use with a photosensitizer (PS) [336] or as the sole
photosensitizing agent for PDT-based chemotherapeutic systems [337].
In this study, we wanted to understand if the CNT-coated scaffolds can
potentially aid in the PDT therapy or can serve as the sole photosensitizer (PS) without
the 5-ALA, the PS used in the study. The results from this study indicated that the
scaffolds used in the study do not play a significant role in the PDT treatment. The cell
numbers with PDT treatment did not reduce for the CNT treatment group (Figure 47).
Although the CNT-coated scaffold was not effective in modulating the PDT
effects, this could have been due to the hierarchical structure of the overall scaffold
which may have blocked the blue light used in the PDT treatment. Also, the source we
used in this study was 415nm (specific to the 5-ALA excitation) and this would have
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not been ideal to promote ROS shuffling by the nanotubes. From the knowledge
gained from this study, we believe that the CNT-coated scaffolds can be functionalized
with the PS to produce a synergistic effect in the redox cycling process and to help aid
in localized PDT or they can be alternatively used with near-infrared light sources (NIR;
750-2500 nm) without any agents as the CNTs produce excessive heat with NIR which
could be very effective for photothermal therapy (PTT).

Figure 47 CNT-coated scaffolds do not improve the effects of Photodynamic
Therapy Treatment (PDT).
HaCaTs were treated with a photosensitizing agent and covered with CNT-coated
scaffolds during the PDT treatment. The Y-axis represents the relative cell numbers
post PDT treatment normalized to the cell control. We did not see a reduction in CNTcoated groups after PDT treatment, implying that CNT did not aid in the process.

Evaluation of Immunoreactivity of CNT-coated Scaffolds
After evaluating the cell proliferation, migration, and inflammatory cytokine
release for the keratinocytes, which are adherent in nature; to further understand the
immunoreactivity of the scaffolds, we evaluated them with B-lymphocytes. These Blymphocytes are also suspension cells and were tested with the scaffolds for their
function as well as the inflammatory markers.
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2.3.6.1.1

Long CNT-coated Scaffolds may modulate B-lymphocyte Function

To gain insights into the potential immunogenic nature of the CNT-coated
scaffolds, we evaluated the effect of the scaffolds on B lymphocyte function using two
human B cell lines (SKW and CL-01). B lymphocytes secrete antibodies and are the
primary mediators of humoral immunity against extracellular pathogens. Primary B
lymphocytes and B cell lines are also non-adherent cells, unlike the adherent cell lines
that have been evaluated thus far. For evaluating the effects of scaffolds, the SKW
and CL-01 cells, originally derived from different Burkitt lymphoma patients, were
incubated with scaffolds for 4 and 8 days and evaluated for changes in cell proliferation
through cell counts and interaction with scaffolds through microscopy, as well as IgM
and IgG antibody secretion through ELISA. IgM is the first antibody secreted by B
lymphocytes in the humoral immune response [338] and IgG is the most abundantly
secreted antibody [339].
After 4 days of incubating the scaffolds with the B lymphocytes, we observed
an increasing number of cells interacting and attaching to the scaffolds through phasecontrast microscopy (Figure 48). Compared to the CFC group, both CNT-coated
groups expressed increased scaffold attached cells. The cell scaffold interaction was
further evaluated through fluorescence microscopy, which demonstrated a markedly
increased number of surface-attached B lymphocytes on CNT-coated scaffolds on
days 4 and 8 (Figure 49-Figure 52 (A)). The Long CNT-coated scaffolds showed a
substantially higher number of cells attached to them at Day 8 compared to the CFC
and Short CNT-coated groups.
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Figure 48 B lymphocyte interaction with scaffolds.
CL-01 (A) or SKW (B) cells were incubated for 4 days with various scaffolds or without
any scaffolds. Representative phase-contrast images showing the interaction of cells
with carbon fiber cloth (CFC) (B), Long CNT-coated scaffolds (C), and Short CNTcoated scaffolds (D). The scale bar represents 400μm. The opaque structures are
scaffolds used for the study. Surface-attached B lymphocytes on CNT-coated
scaffolds can be observed. Images are representative images of one experiment with
each treatment in triplicate.

Such bio-nano interactions could potentially alter the cellular function of these
cells. Hence, antibody secretion from both B-cell lines was evaluated after incubation
with the scaffolds for 4 or 8 days. Since B cells must be activated to produce
antibodies, we stimulated the cells on Day 0 with CD40 ligand and IL-4 to mimic T celldependent stimulation of B-cells. Previous studies have identified optimal induction of
antibody secretion by Day 4 of stimulation [296]. We also evaluated a longer
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incubation period (Day 8) for naïve cells because of the increased surface area that
the scaffolds provide for cell interaction and growth, which may lead to effects over
time. Simulation induced IgG secretion.
At 4 days, in the stimulated group, we observed a more than two-fold increase
in IgG secretion and a slight increase in IgM secretion in CL-01 cells Figure 49, which
is consistent with previous work with these cells (Bhakta et al., unpublished work).
Interestingly, all of the scaffolds enhanced stimulation-induced IgG secretion from CL01 cells on Day 4. Only the Long CNT-coated scaffolds increased IgM secretion from
stimulated cells (Figure 49 C). Long CNT-coated scaffolds increased IgM secretion in
unstimulated CL-01 cells after 8 days of incubation (Figure 50 C). The effect of CNTcoated scaffolds on antibody secretion was evaluated in another human B-cell line
(SKW) isolated from a different patient. Unlike the CL-01 cells, CD40 ligand and IL-4
stimulation induced IgM but IgG was negligible (Figure 51 B). This corresponds to our
previous studies and suggests either unknown cellular differences or different
maturation phases of the SKW cells compared to the CL-01 cells (Bhakta et al.,
unpublished work). The scaffolds had no impact on IgM secretion in the SKW cell line
at Day 4 (Figure 51 B). However, following 8 days of incubation, all scaffolds appeared
to non-significantly lower IgM secretion as compared to the cell control (Figure 52 B).
We did not observe any significant changes in cell numbers with scaffolds as
compared to the cell control group. These results suggest that antibody secretion
could be modulated depending on the B-cell maturation stage and should be
evaluated when designing a bioscaffold-based implant.
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Figure 49 Scaffolds enhance IgG and IgM secretion in stimulated CL-01 cells.
CL-01 cells were incubated for 4 days with the various scaffolds or in the absence of
any scaffolds (cells). Representative fluorescent images showing scaffold interaction
of CL-01 cells labeled with Calcein-AM (green) and cell nuclei with DAPI (blue) (A).
Scale bar represents 3000μm. Supernatant for IgG (B) and IgM (C) ELISA analysis
was collected from unstimulated (N) or CD40L+IL-4 stimulated (S) CL-01 cells after 4
days of incubation. The Y-axis represents the antibody levels normalized to the naïve
cell control (denoted cells, CL-01 N). Statistical significance was measured by twoway ANOVA analysis and Bonferroni post-test. Significant differences from the
corresponding cell controls (denoted cells) were denoted by * and *** which represents
significance at p<0.05 and p<0.001, respectively. Results are representative of three
independent experiments (n = 3 for each treatment group). Error bars denote SE.
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Figure 50 Preliminary study: Long CNT-coated scaffolds induced IgM secretion
in CL-01 cells on day 8.
CL-01 cells were incubated for 8 days with appropriate scaffolds or as is (cells).
Representative fluorescent images showing the interaction and cell attachment of CL01 cells with scaffolds (A). Scale bar represents 3000μm. Cells are labeled with
Calcein-AM (green) and cell nuclei with DAPI (blue). After a 4-day incubation period,
the supernatant was analyzed using an IgG or IgM ELISA for IgG and IgM
concentration, respectively (B, C). The Y-axis represents the antibody levels
normalized to the naïve cell control. Naïve CL-01 cells incubated with Long CNT147

coated scaffolds exhibited significantly increased IgM secretion. Statistical
significance was measured by two-way ANOVA analysis and Bonferroni post-test.
Significant differences from the corresponding cell controls were denoted by * which
represents significance at p<0.05. Results are representative of a single experiment
with each treatment in triplicate. Error bars denote SE values.

Figure 51 CNT-coated scaffolds do not affect IgM secretion in SKW cells.
SKW cells were incubated for 4 days with the various scaffolds or in the absence of
any scaffolds (cells). Representative fluorescent images showing scaffold interaction
of SKW cells labeled with Calcein-AM (green) and cell nuclei with DAPI (blue) (A).
Scale bar represents 3000μm. Supernatant for IgM (B) ELISA analysis was collected
from unstimulated (N) or CD40L+IL-4 stimulated (S) SKW cells after 4 days of
incubation. The Y-axis represents the antibody levels normalized to the naïve cell
control (denoted cells, SKW N). Statistical significance was measured by two-way
ANOVA analysis and Bonferroni post-test. Significant differences from the
corresponding cell controls (denoted cells) were denoted by * and *** which represents
significance at p<0.05 and <0.001, respectively. Results are representative of three
independent experiments (n = 3 for each treatment group). Error bars denote SE.
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Figure 52 Preliminary study: Scaffolds may decrease IgM secretion in SKW cells
on day 8.
SKW cells were incubated for 8 days with appropriate scaffolds or as is. (A)
Representative fluorescent images showing the interaction and cell attachment of CL01 cells with scaffolds. Scale bar represents 3000μm. Cells are labeled with CalceinAM (green) and cell nuclei with DAPI (blue). After an 8-day incubation period, the
supernatant was analyzed for IgM concentration using an IgM ELISA (B). The Y-axis
represents the antibody levels normalized to the naïve cell control. Statistical
significance was measured by two-way ANOVA analysis and Bonferroni post-test by
comparing each sample to the corresponding cell control. Results are representative
of a single experiment with each treatment in triplicate. Error bars denote SE values.

2.3.6.1.2

CNT-coated Scaffolds may modulate Cytokine Secretion

All scaffolds used in the study were checked for their cytokine secretion after
seeding HaCaTs on the scaffolds for 5 days. Long CNT-Coated hydrophobic scaffolds
significantly increased IL-4. CFC scaffolds significantly induced secretion of IL-6,
Il12P70, GM-CSF, and TNG-a; some of the pro-inflammatory cytokines were tested in
the assay. Both short CNT-coated scaffolds also significantly increased GM-CSF
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secretion. Short CNT-coated hydrophobic scaffolds also increased the amount of IL17a, and Short CNT-coated hydrophilic scaffolds significantly increased IL-12P70
levels.
The cytokine secretion profile from the CL-01 and SKW B-lymphocyte cell lines
was evaluated with or without CD40 ligand plus IL-4 stimulation after a 4-day
incubation with either the carbon fiber cloth control or Long or Short CNT-coated
hydrophilic scaffolds. From the 25 tested cytokines, in the CL-01 cells, only IL-4
showed any variation in secretion (Figure 56). IL-4 secretion was significantly
increased in the presence of carbon fiber cloths and trended toward an increase with
Long and Short CNT-coated hydrophilic scaffolds in naïve, unstimulated CL-01 cells
(Figure 57). However, in stimulated CL-01 cells, IL-4 was significantly reduced in cells
exposed to Short CNT-coated hydrophilic scaffolds. With the SKW cells, IL-4 and IL10 were the only cytokines modulated by exposure to the scaffolds (Figure 59). IL-10
secretion significantly increased in SKW cells exposed to Short CNT-coated
hydrophilic scaffolds and significantly decreased with the carbon fiber cloth as
compared to cell controls. For stimulated SKW cells, IL-4 secretion was significantly
reduced in cells exposed to short CNT-coated hydrophilic scaffolds, which was similar
to the CL-01 cells. Additionally, IL-10 secretion significantly increased in cells treated
with carbon fiber cloths. Overall, the changes in cytokines are relatively minimal and
do not suggest an autocrine effect since these cytokine changes do not correspond to
the effects of the scaffolds on antibody secretion.
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Figure 53 Analysis of inflammatory mediators released by HaCaT cells cultured
for 5 days on scaffolds.
Anti-inflammatory cytokine IL-4 was significantly increased in presence of Long CNTCoated hydrophobic scaffolds. CFC scaffolds significantly induced secretion of IL-6,
Il12P70, GM-CSF, and TNG-a; some of the pro-inflammatory cytokines were tested in
the assay. Both short CNT-coated scaffolds also significantly increased GM-CSF
secretion. Short CNT-coated hydrophobic scaffolds also increased the amount of IL17a, and Short CNT-coated hydrophilic scaffolds significantly increased IL-12P70
levels. Statistical significance was measured by two-way ANOVA analysis followed by
Dunnett's multiple comparisons test comparing each sample to the corresponding cell
control.
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Figure 54 Some Inflammatory mediators are increased by culturing HaCaT cells
on scaffolds.
Anti-inflammatory cytokine IL-4 was significantly increased in presence of Long CNTCoated hydrophobic scaffolds. CFC scaffolds significantly induced secretion of proinflammatory cytokines IL-6, Il12P70, GM-CSF, and TNG-a. Short CNT-coated
scaffolds significantly increased GM-CSF secretion. Short CNT-coated hydrophobic
scaffolds also increased the amount of IL-17a, and Short CNT-coated hydrophilic
scaffolds significantly increased IL-12P70 levels. Statistical significance was
measured by two-way ANOVA analysis followed by Dunnett's multiple comparisons
test comparing each sample to the corresponding cell control. Significant difference
from the cell control is denoted by *, **, *** and **** which represents significance at p
<0.05, p<0.01, p<0.001 and p<0.0001, respectively. Results are representative of one
experiment (n = 3 for each treatment group). Error bars denote SD.
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Figure 55 Analysis of inflammatory mediators released by naïve CL-01 cells
cultured for 4 days on scaffolds.
IL-4 secretion significantly increased in cells treated with carbon fiber cloths.
Statistical significance was measured by two-way ANOVA analysis followed by
Dunnett's multiple comparisons test comparing each sample to the corresponding cell
control.
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Figure 56 Analysis of inflammatory mediators released by stimulated CL-01 cells
cultured for 4 days on scaffolds.
IL-4 secretion significantly decreased in cells treated with Short CNT-coated
hydrophilic scaffolds and carbon fiber cloths compared to cell controls. Statistical
significance was measured by two-way ANOVA analysis followed by Dunnett's
multiple comparisons test comparing each sample to the corresponding cell control.
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Figure 57 Analysis of inflammatory mediators released by naïve SKW cells
cultured for 4 days on scaffolds.
IL-10 secretion significantly increased in cells treated with Short CNT-coated
hydrophilic scaffolds and significantly decreased in carbon fiber cloths. Statistical
significance was measured by two-way ANOVA analysis followed by Dunnett's
multiple comparisons test comparing each sample to the corresponding cell control.

155

Figure 58 Analysis of inflammatory mediators released by stimulated SKW cells
cultured for 4 days on scaffolds.
IL-4 secretion significantly reduced in cells treated with Short CNT-coated hydrophilic
scaffolds and IL-10 secretion significantly increased in cells treated with carbon fiber
cloths. Statistical significance was measured by two-way ANOVA analysis followed by
Dunnett's multiple comparisons test comparing each sample to the corresponding cell
control.
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Figure 59 IL-4 and IL-10 are modulated by culturing B lymphocyte cells with
scaffolds.
Naïve Cl-01 (CL-01 N), stimulated CL-01 (CL-01S), naïve SKW (SKW N), or
stimulated SKW cells (SKW S) were cultured for 4 days on scaffolds, and levels of
inflammatory cytokines were measured. Carbon fiber cloths (CFC) significantly
increased anti-inflammatory cytokine IL-4 levels in naïve CL-01 cells and antiinflammatory IL-10 in stimulated SKW cells. Short CNT-coated scaffolds significantly
increased IL-10 levels in naïve SKW cells. Interestingly CFC significantly decreased
IL-10 levels in naïve SKW cells and Short CNT-coated scaffolds significantly reduced
IL-4 in stimulated SKW and CL-01 cells. Statistical significance was measured by twoway ANOVA analysis followed by Dunnett's multiple comparisons test comparing each
sample to the corresponding cell control. Significant difference from the cell control is
denoted by *, ***, and **** which represents significance at p <0.05, p<0.001, and
p<0.0001, respectively. Results are representative of one experiment (n = 3 for each
treatment group). Error bars denote SD.
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Discussion
Bioscaffolds have been increasingly used for constructive remodeling
applications by providing cell delivery and supporting cell growth. Natural biological
scaffolds, synthetic scaffolds, composite scaffolds, and nanostructure scaffolds are
four major classes of scaffolds, each of which provides unique advantages depending
on the specialized tissue regeneration applications. Since the past two decades, there
has been a growing trend of using CNTs for bioscaffold applications [340] as they can
provide unique advantages in addition to the majority of the properties attainable
through other scaffold types. CNTs are relatively simple to manufacture and
functionalize [120] and easy to sterilize [341]. They also robust mechanical properties
[121], elasticity [122], electrical conductivity [11], and modifiable wettability [123]. Due
to such properties, 3D structures with cross-linked CNTs have been successful in
supporting tissue formation [65,66,342]. Despite these unique advantages for
regenerative medicine, the biggest limitation of studies with CNTs is that free,
detached, or disintegrated CNTs used in extensively investigated approaches are
susceptible to intracellular uptake and can cause in vitro and in vivo cytotoxicity [153–
156].
The current study addresses this issue in that we prepared unique hierarchical
scaffolds with covalently attached CNTs. These CNT nanocarpets can provide the
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advantages of nanoscale cellular and molecular interactions seen with CNTs without
the potential toxicity risks associated with isolated, non-bound nanomaterials. We
have prepared such scaffolds by covalently linking carbon nanotubes with flexible
carbon fiber cloths or porous 3D carbon foams. Using these foam or fiber substrate
materials also provides an additional advantage of flexible material architecture which
can be customized according to the tissue characteristics and ultrastructure.
Our project focused on using these novel hierarchical CNT scaffolds whose
activity and role in cell growth applications is relatively unknown. We characterized
our materials for key surface properties (i.e. nanoroughness, wettability, and
morphology) that could influence cell growth. Using glioblastoma and keratinocyte cell
lines as a proof of concept, we evaluated cell growth on our hierarchical scaffolds to
understand the bio-nano interaction. The knowledge gained from understanding the
cellular toxicity, attachment, and proliferation mechanism(s) between the cells and
these nanocarpets could be a key to future designing of CNT-coated scaffolds
applicable for various applications including skin grafts, surgical resection of glioma,
and other tissue engineering applications.
In the first study, we aimed to understand the glioblastoma cell interaction with
these scaffolds. We assessed the viability of the scaffolds for the development of a
possible chemotherapy-containing implant for GBM patients. We used carbon fibers
and carbon foams as substrate materials for CNT-coating in this study. Carbon fibers
tested in these studies are highly flexible 2D structures that also have interconnected
spaces allowing fluid movement. These interwoven structures along with CNTs can
also be used as flexible, non-degradable microfiber material with multilayered
structural arrangements as a tissue-engineered graft or implant. Carbon fiber scaffolds
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can also incorporate drugs onto the structure surface which can be used for fast
release applications for therapeutic development. We also used carbon foam
structures due to their easy-to-manipulate 3D structure, porosity, and high surface
area. These foams can be easily made to mimic the tumor-specific size and shape
necessary to fill the GBM resection area [177], which would increase the tumorchemotherapy interaction. The 3D structure of carbon foam combined with the
additional surface area of the nanostructured CNT carpets allows for the possibility of
sustained drug release applications. The porous nature of these structures also allows
for cell and fluid infiltration, possibly decreasing the pressurized fluid buildup which
has been a concern in previous implant studies [343].
Cell growth on the scaffold can be modulated by a wide variety of factors such
as

material

surface

roughness,

composition,

conformation,

orientation,

functionalization, wettability, surface area, and porosity [65,66,99,123,313,344–350].
Through the glioblastoma study, we discovered that the wettability of the scaffolds
could be a critical element controlling the cellular response of GBM cells. When the
superhydrophobic CNT scaffolds were used, cell growth of GBM was observed where
the initial cell growth on CNT scaffolds was inhibited. Once the surfaces were
functionalized to be hydrophilic, alteration in wettability resulted in a standard growth
curve pattern over time instead of the initial slow growth patterns noted in non-treated
superhydrophobic scaffolds. The insights gained from this study on bio-nano
interaction, particularly the impact of hydrophobic surfaces on GBM growth could be
key to designing a future treatment option for glioblastoma as the hydrophobic CNT in
presence of chemotherapy may produce a synergistic effect in slowing down glioma
proliferation. From the knowledge gained from this study about the impact of wettability
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on cellular growth, we also wanted to further evaluate if such an effect is consistent
with different cell types.
To assess the universal applicability of these scaffolds, we identified wound
healing as another area where the usage of CNT bioscaffolds could be very
advantageous. These scaffolds provide a customizable surface that is highly flexible
and easy to functionalize with growth factors as a split-thickness skin graft or as
dermo-epidemal substitutes which can contain multiple cell types and can cover a
large area. Current scaffolds for wound healing have major limitations in terms of their
sterilization, storage, and proliferative capacities [267]. Keratinocyte cell sheets are
too delicate to be transferred by themselves and require a scaffold that can provide
mechanical strength as well as biomimetic cues [351,352]. Additionally, the
effectiveness of CNT-coated hierarchical materials for wound healing is still poorly
understood. The role of the carbon nanotube lengths on cell growth is also not known.
Therefore, in our study, we evaluated bio-interaction between the hierarchical
scaffolds and keratinocyte cells by varying surface wettability as well as the lengths of
CNTs to assess the possible applicability of our materials as wound healing scaffolds.
Till now, the evaluation of CNT lengths on cell growth has only been focused on toxicity
evaluation of the unbound nanotubes [309,322,353]. We hypothesized that shorter
CNTs due to their directionality can significantly aid keratinocyte and fibroblast growth.
We chose to use the CNT-coated fiber cloth scaffolds for this study as they can provide
a customizable surface that is highly flexible and easy to functionalize with growth
factors as a split-thickness skin graft. To our knowledge, this is one of the first studies
exploring the efficacy of varying CNT lengths on such hierarchical CNT-coated
materials for cell growth applications.
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We first followed established guidelines by the FDA and the U.S.
Pharmacopoeia for tests on biomaterials [261] and the results from the test unveiled
the non-cytotoxic nature of the extract of various bioscaffolds used in the study on
HaCaTs. We found out that cell death is comparable and not significantly different
between extracts prepared from the scaffolds and the control groups. Therefore, the
indirect contact test validates that these hierarchical nanostructures could be
considered safe for keratinocyte cell growth and can be tested further for their tissue
engineering applications.

We discovered that CNT-coated scaffolds are not only biocompatible and noncytotoxic but also hold promise in supporting skin cell growth and proliferation for
wound healing applications. The results from this work give us insight into differences
between preferential cell attachment and proliferation of keratinocytes (HaCaTs) on
different surfaces, i.e., increased cell proliferation on short vs. long CNT growth. This
study also determined that surface hydrophilicity did not play a major role in cell
proliferation. We also evaluated the ability of the scaffolds to protect skin cells from
external stressors like UVB. This study focused on evaluating the cytoprotective
capacity of CNT-coated scaffolds towards the indirect treatment of UVB. This was
done to check the capacity of the scaffolds as a split-thickness skin graft where
scaffold cultured cells are not directly exposed to the external environment. Both the
CFC and the CNT-coated scaffolds successfully blocked UVB exposure. We also
found that longer, more densely connected CNTs are more cytoprotective against
UVB. Another environmental stressor tested in the study, TCDD did not induce cell
death in HaCaTs and hence the potential cytoprotective effects of CNT-coated
scaffolds were thus could not be validated in this study.
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Lastly, to check the compatibility of the scaffolds for implant-based
applications, we evaluated them for their preliminary biocompatibility and
immunogenic evaluation. Interestingly, in the CL-01 B-lymphocyte cell line stimulated
with T-cell-derived factors, all of the scaffolds increased IgG secretion, including the
carbon fiber cloth controls, while IgM secretion was only enhanced by the long CNTcoated scaffolds. Stimulation used in the study was done via CD40 ligand and IL-4
treatment, which binds to the surface CD40 and IL-4 receptor on the B-cell surface,
mimicking T cell-dependent stimulation of B-cells. Prolonged incubation with scaffolds
with no stimulation treatment also yielded increased IgM secretion with Long CNTcoated scaffolds. However, these effects on antibody secretion were not seen in the
SKW B-lymphocyte cell line. Both SKW and CL-01 cells are derived from different
Burkitt lymphoma patients and are EBV-transformed cell lines. However, they both
could be at a different cellular stage which could explain the variability in antibody
secretion profiles. The potential effects of the scaffolds on the modulation of antibody
production could have been due to specific interaction of the CL-01 cells or a nonspecific interaction due to the nature of nanotubes or both. The extensive surface area
of CNTs has been exploited as antigen-presenting cells for T-cell activation [354] and
activated B and T lymphocytes have also been shown to modulate increased uptake
of loose CNTs as compared to resting lymphocytes [355]. B Cells get activated when
B-cell receptors are cross-linked by foreign particles. Due to the extensively high
surface area, B-cells could have non-specifically interacted with the nanotubes, and
through B-cell receptor cross-linking, antibody response of the stimulated cells could
have been induced. Alternatively, B-cells could have interacted with the 3D structures
of nanotubes as they could mimic lymph nodes by bringing the cells closer together
and perhaps providing interactions that mimic cell-cell contact and promoting the
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stimulatory effect of the T-cell-derived factors, CD40L and IL-4. We had chosen IL-4
and CD40 ligand as T-cell-derived factors to mimic T cell-dependent stimulation of Bcells as it is well known that the CL-01 cells start secreting significant amounts of
antibodies and start the class switch recombination process in presence of it [296].
Although cytotoxicity and cell growth capabilities of the CNT-linked supports have
been extensively studied, a very limited amount of focus has been paid to the immune
response, particularly to B-lymphocytes [356].
The cytokine profiles of B-cells greatly depend on the activation conditions and
differentiation stages [357]. Assessment of cytokine profiles of two different B
lymphocyte cell lines revealed that changes in cytokines are relatively minimal and
point towards the non-immunogenic nature of the scaffolds used. Even after the
stimulation conditions contained IL-4, we observed significantly decreased IL-4 levels
in both SKW and CL-01 cell lines with short CNT-coated scaffolds. This was an
interesting observation as IL-4 was externally added as a treatment. The mechanism
of this alteration is not yet understood but one of the possibilities could be that CNT
structures could be non-specifically attaching with the secreted antibodies. If that is
true, it can completely skew our interpretation of the scaffolds being nonimmunoreactive and needs to be studied in detail.
Surface roughness is an important factor that can regulate cell adhesion. Our
lab has already shown that nanocarpet functionalization increases nanoroughness by
several orders of magnitude which improves cellular attachment [65,66]. In
superhydrophobic surfaces, surface roughness has been positively associated with
cell adhesion [349,350]. Scaffold hydrophilicity is another important material property
that is capable of altering cell adhesion and cell growth. For example, increased
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hydrophilicity can increase fibroblast cell growth and attachment upon smooth and
rough PLLA poly(L-lactic acid) surfaces, thought to be due to increases in cellular
adhesion capabilities [358,359]. The Oliveira group studied the effectiveness of
polystyrene surface roughness and hydrophilicity using osteosarcoma (Saos-2) cells
and found that rough superhydrophobic and smooth, highly hydrophilic surfaces have
better cell attachment short-term; however, over time cell proliferation upon hydrophilic
surfaces was significantly enhanced independently of surface roughness [313].
Similar to previous studies on hydrophilicity, this increase in cell proliferation
with glioblastoma and keratinocyte cells may be explained by cell adhesion capability.
While the CNT-coated scaffolds provide a significant increase in available surface
area, the superhydrophobic nature of these structures could initially inhibit this
interaction. The Cassie–Baxter model may explain this phenomenon (Figure 5). In this
model, when surfaces are highly hydrophobic, the presence of air pockets in the
surface may avert cellular and/or culture medium contact with the full surface. Over
time, increased cell secretion of ECM could allow for increased cell-structure
interaction, increasing cell proliferation capacity. This environmental shift in cell-nanomatrix interaction could shift the cell’s ability to integrate and divide. This could be one
of the explanations of the limited cell adhesion and proliferation on our CNT-coated
scaffolds with their hydrophobic nature short term. Long-term, there may be a partial
transition switch to a Wenzel state (Figure 4), where cells can be in immediate contact
with the surface, accelerating cell proliferation [359] and resulting in biphasic growth.
Thus, shifts in cell proliferation in GBM cell growth for superhydrophobic surfaces may
be explained by a probable transition from the Cassie-Baxter model to a Wenzel state
in which the culture media and cellular adhesion transition to more immediate contact

165

with the structure surface. The keratinocyte study was mainly focused on the log phase
of the cell growth as we wanted to characterize the cell growth pattern on different
CNT lengths. So, we did not acquire proliferation data at near-confluency points, which
could have been able to provide more insights about the biphasic growth pattern if
any.
It has also been shown that moderately hydrophilic surfaces facilitate better
attachment and provide excellent cell growth on the scaffolds through strong binding
of cellular adhesion proteins [344–348]. Similarly, the increased scaffold hydrophilicity
found post-sodium hypochlorite-based bleach treatment would increase cell
attachment to the scaffolds concomitant with our cell proliferation findings. This could
explain the comparable cell growth between pristine supports and sodium
hypochlorite-based

bleach

treated

samples,

where

hydrophilicity

and

not

nanoroughness could be a more important aspect controlling the cell growth of glioma.
This alteration in wettability resulted in significant proliferation of cells on the carpets,
changing the growth pattern to a standard growth curve over time instead of the
biphasic development noted on non-treated hydrophobic scaffolds. These data mirror
studies by Oliveira et al. that displayed time-dependent changes in the osteosarcoma
(Saos-2) cell line when grown on rough superhydrophobic or smooth, highly
hydrophilic surfaces [313]. In their study, cells displayed better cell attachment shortterm when grown on rough surfaces, but long-term cell proliferation was higher when
cells were grown on hydrophilic surfaces with water contact angles ranging from 13 to
30°, independent of roughness. Our data show that the hydrophobic/hydrophilic nature
of structures as a component of cell attachment and adhesion may be a critical
material property for cell growth of glioblastoma cells. However, our previous reports
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using similar scaffolds involving stem cell differentiation and growth did not show
exaggerated differences in cell proliferation depending on the hydrophilicity profile of
the materials [66]. Moreover, with the keratinocytes, the CFC fiber controls, and the
hydrophilic short CNT-coated scaffolds exerted comparable cell proliferation. This may
indicate that hydrophilicity was one of the regulating factors for cell growth, however,
the effects on cell proliferation were not as drastic as with GBM cells. This implies that
the differences for cell proliferation on these nanocarpets are cell-type specific and
need to be understood in detail before using it as implant materials.
Numerous studies have been conducted to assess toxicity profiles of CNTs
based on their lengths but less is known regarding how the length of CNT can
modulate cell proliferation. Free, short CNTs are more effective and less cytotoxic for
cellular growth due to their potential internalization and removal than longer CNTs or
clusters of CNTs, which cannot be engulfed by macrophages/reticuloendothelial
system and thus cannot be degraded and/or removed [309,322]. The Meng group also
observed that cellular uptake of short CNTs is higher as compared to longer CNTs
and shows higher degrees of cell differentiation in pheochromocytoma cells [360].
CNTs due to their size and functionalization show varying degrees of in vivo
distribution and thus show altered cytotoxicity [353]. However, since our CNTs are
covalently attached to the underlying materials, we did not observe any associated
toxicity in the short CNT-coated scaffolds.
The previous studies had explored the role of nanoroughness [66] and
wettability [67] of the CNT-coated scaffolds and had evaluated their effects on cell
growth. The alterations of the CNT lengths allowed us to understand the varying CNT
lengths and not necessarily the hydrophilicity or nanoroughness would be the key
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aspect controlling the keratinocytes cellular response on our hierarchical materials.
Results from our study also indicate that cell growth for keratinocytes on CNT-coated
surfaces is modulated by the length of the nanotubes spanning through the carbon
fiber cloth. Both, hydrophilic and hydrophobic long CNT-coated scaffolds had
significantly lower proliferating cells as compared to both short CNT-coated surfaces.
Controllable CNT length over these surfaces (optimized in our lab) change the surface
area available for cell growth, which makes long CNT-coated scaffolds distinctively
different from short CNT-coated scaffolds (Table 2). Long CNTs provide more
randomness, extremely high surface area, and substantially interconnected
structures. Keratinocyte cells may not be able to attach and start ECM secretion on
the longer CNTs as easily due to their randomized orientation and denser clusters of
nanotubes. However, the long CNT-coated scaffolds were more effective for
cytoprotection against UVB, which can also be associated with its substantially
increased surface area as it can absorb and block the UVB more effectively [273].
Short CNT surfaces can provide less nanoroughness and have relatively less
dense forests of CNTs. They do not completely cover the fiber cloth surface
underneath and also do not create a randomized cluster of tubes as seen with long
CNTs (Figure 15). This more uniform and less heightened structure of the short CNTs
(Figure 12) can be more receptive to cell attachment, ECM secretion and provide
increased directionality to cells through the weaves of the underlying fiber cloths. This
could imply that keratinocyte cell growth is more regulated by available surface area
and structural directionality of the CNTs than surface wettability. This also suggests
that surface nanoroughness may not be a key controlling factor for HaCaT growth on
such surfaces since the cell proliferation was comparable between short CNT-coated
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scaffolds, CFC group, and control cells. We observed the scaffolds for the potential
cell migration from the wound edge and discovered that the scaffolds expressed a
significant number of dye-loaded cells on their surface, signifying that the cells from
the wound edge had successfully migrated towards the pre-seeded scaffolds. Lastly,
we performed similar experiments to understand the cell migration profiles towards
the scaffolds and from cell-loaded scaffolds towards an area with no cells to
understand the suitability of such scaffolds as surface grafts. The cell migration results
were really promising and successfully point towards the assessment of further
exploration of these scaffolds as would healing grafting material.
The keratinocytes (HaCaTs) were also tested for their inflammatory cytokines
in presence of scaffolds to understand if the scaffolds can promote the release of proinflammatory markers and to better understand the biocompatibility. We observed that
carbon fiber cloth controls (CFC) mediated a significant increase in TNF-α which is a
major pro-inflammatory cytokine and regulates initial inflammation and injury [361–
363]. Upregulation of TNF-α can also mediate the NF-kB pathway and could result in
the upregulation of other pro-inflammatory cytokines [364,365]. That could potentially
explain the significant increases of IL-6 and GM-CSF in the CFC group. Increased
upregulation of IL-12P70 has been linked with psoriasis [366] and the effects of Short
CNT-coated hydrophilic CNT scaffolds on skin function needs to be studied further.
Lastly, damage of keratinocytes is strongly linked with the release of IL-1α [367] and
we did not observe any upregulation of IL-1α in any scaffold groups. Long CNT-coated
hydrophobic scaffolds significantly increased IL-4 levels, which was an interesting
observation as IL-4 is linked with increased cell proliferation [287] and cytoprotection
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[368]. Overall, Long CNT-coated scaffolds did not modulate the cytokine profile of the
keratinocytes.
Based on the glioma work, we can propose that the hydrophobic CNT-coated
foam scaffolds can be particularly useful for glioblastoma post-surgical resection
implant studies. We also propose that scaffolds with shorter CNT growth on
hydrophilic surfaces could be useful for the commercial development of future wound
healing scaffolds. However, further evaluation is necessary. For both studies, their
interaction and attachment with the cells and how it affects the cell cycle need to be
completely understood to uncover the underlying mechanism of cell growth on such
surfaces. It would also be valuable to further understand the mechanism of how the
scaffolds with or without the functionalization can modulate pro and anti-inflammatory
cytokines to understand the effects on innate immunity. Such scaffolds also need to
be extensively characterized for their immunogenic profile and studied with T-cell lines
and macrophages.
How neurons and brain glia can attach and grow with such scaffolds also will
give key insights for designing the CNT-based surgical implants intended for GBM.
Effects of CNT lengths and the surface functionalization properties and their
subsequent effects on cellular retention, invasion as well as migration also need to be
further evaluated before attempting such materials as chemotherapy attaining
implants. From the wound healing study, we also evaluated the scaffolds for fibroblast
cell migration because keratinocytes and fibroblasts play a vital role in the wound
healing process. We had implemented migration strategies where physical stimuli (i.e.
scratch) are not introduced with the wound creation. There were inconsistencies in
terms of the manual scratching of the wounds. Modified scratch wound assays can
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address that limitation and adding a similar condition can significantly improve our
understanding to use such materials as grafts. One of the limitations of our
experiments was that the scaffolds could not retain a fixed position. The cell migration
process could have been perturbed due to this and could have resulted in varying
healing rates. Also, the dye used in the study could not be retained by the cells for
more than the experimental duration. To further investigate cellular migration,
scaffolds could also be embedded in hydrogels. A co-culture model of keratinocytes
with fibroblasts and monocytes can also be studied for evaluating cell proliferation and
migration and to understand how the scaffolds behave in physiological conditions.
Furthermore, understanding the cell migration from hydrophobic scaffolds can further
uncover cellular mechanisms that were beyond the scope of the current study. Using
stable, fluorescently labeled cells and quantifying the migrated cell numbers and
insights about the rate of the cell migration from the scaffolds can also extensively
bolster our understanding of the skin-scaffold interaction and can lead to their future
therapeutic development. The scaffolds can also be used with artificial or
reconstructed skin models and checked for their bio-nano interaction and
cytoprotection against UVB.
The results from this study combined with previous work with our scaffolds
[65,66] provide comprehensive knowledge about these bioscaffolds that can be
translatable for tissue engineering approaches utilizing other cell types as well. CNTs
are electrically conductive that can circumvent the limitations of prosthetics which have
significant challenges in transmitting the electrical stimuli. Researchers have also
shown that CNTs as scaffolds can improve neuronal signaling [369]. Due to their
conductive nature, CNTs could be incorporated in bioscaffolds that require the
propagation of electrical stimuli at sites, such as cardiomyocyte cells for synchronous
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beating behavior. These CNT-containing materials due to their conductivity can also
be utilized to control and regulate cell growth, migration and aid in cell directionality
[370] for various applications and can be further explored for electrical stimulation
procedures. The porous morphology of a scaffold also plays an important role in
nutrient and waste exchange and can also promote cell infiltration through the
scaffolds [371]. The CNT-coated foams can be tested for bone cell regeneration due
to their porous and robust structural properties.
In summary, this study provides significant knowledge on important
considerations when designing a bioscaffold. The two-step chemical vapor deposition
(CVD) method used in our study can be employed to prepare hierarchical CNTcoatings on desired substrates which can supersede the toxicity risks associated with
free CNTs.
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Summary
While loose carbon nanotubes have previously been shown to modify cell
growth in culture, the influence of vertically aligned CNT carpets covalently bonded to
structurally stable carbon scaffolds on cells is unknown. In our previous studies, we
had evaluated these scaffolds in multipotent progenitor cell lines and the
nanoroughness of these structures was the major factor influencing cellular growth.
However, in this study, we wanted to check the effect of the scaffolds on differentiated
cells to assess if the effects of CNTs remain consistent through different cell types. To
do that, we tested the scaffolds for two cell lines: glioblastoma and keratinocytes. We
observed that the glioblastoma cells followed a biphasic growth pattern when the
scaffolds were hydrophobic and the wettability of carbon scaffolds coated with CNTs
was an important regulator of U87MG cellular growth. For the keratinocyte study, we
first confirmed the prepared scaffolds are non-toxic and safe through elution test and
cytotoxicity analysis. We were further able to understand preferential cell proliferation
of HaCaTs on surfaces with different water wettability as well as different CNT lengths
and found that shorter CNT-coatings may be better suited for bioscaffolds for
keratinocyte cell growth. We also observed that the hydrophilic scaffolds are more
effective at promoting the cell proliferation of keratinocytes than hydrophobic scaffolds.
Furthermore, the scaffolds were capable to retain, attract as well as facilitate cell
migration towards their surface for the effective wound healing process. The scaffolds
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also provided cytoprotection against UVB and this could prove to be an important
property when designing a wound healing graft. To further explore their
immunoreactivity, we tested the scaffolds for B lymphocyte antibody secretion and
found that long CNT scaffolds may promote antibody secretion. Lastly, for assessing
their biocompatibility, we measured the cytokine levels of keratinocytes and B
lymphocytes with carbon nanotubes and observed that the CNT-coated scaffolds
relatively minimal changes in the cytokine production of B lymphocytes, however, they
do promote some pro-inflammatory markers and it needs to be characterized further
in detail before utilizing these scaffolds for potential implant-based applications.
Overall, the results strongly support the future potential of these bio-mimetic scaffolds
in tissue engineering, and the findings of this work give valuable insight for choosing
substrate materials and designing future bioscaffolds for diverse tissue engineering
approaches.
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